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Several researches normally use the rectangle tank for ocean device testing in laboratory trails. 
Rectangle experimental tanks, however, can only generate normalized flow in one or some 
fixed directions with limited testing area. Meanwhile, the appearance of the flow will be in 
large extent affected by boundary. This thesis study flow details in a 25m diameter circular 
testing facility Flowave TT, which can generate combined wave and current in any relative 
direction. The spatial of flow current velocity obtained by fixed point direct measurement is 
insufficient if the quantity of test points is not enough. Acoustic tomography is used here for 
flow internal structure visualizing in the experimental basin by transmitting sound wave with 
acoustic transducer. Using acoustic tomography method, one could get real-time mapping of 
parameter variation by installing detect devices outside or at the boundary of interested region 
without interrupting original field. 
Two sets of underwater acoustic tomography system that developed in cooperation with 
Hiroshima University were used for sound wave emitting and acoustic signal receiving. Travel 
time of acoustic signal in the interested region is analysed to reconstruct flow velocity by 
solving inverse problems. Multi-path arrivals that propagated by different ray paths are 
identified by ray tracing. Flow details in the circular basin is studied in a horizontal plane and 
along a vertical slice using acoustic method. Besides acoustic tomography experiments in the 
Flowave, a field work was conducted in the Bali Strait, Indonesia. This trail explores the remote 
sensing of tide progress in the Bali strait with coastal acoustic tomography systems. This study 
is for the first time to conduct multi-station acoustic tomography experiment for flow velocity 
reconstructing with only two stations. This study demonstrates that small scale flow profiles in 
the experimental tank can be reconstructed with acoustic tomography method. The real time 
monitoring of small-scale flow details can be accomplished with multi-station network, which 
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Scaled model testing of newly designed devices is an essential progress for offshore renewable 
energy system research. Several researchers have focused on the use of rectangular tanks for 
offshore energy systems testing in the laboratory [1-3]. Model scale testing in a laboratory 
reduces the risk associated with full scale deployment [4-7]. Rectangular experimental tanks, 
however, can only create flowing water in one or some fixed directions leaving a limited testing 
area. In real ocean environment, wave and current may come from different direction with 
various velocities and interact with the device in various modes. FloWave is an all-waters 
testing facility that can generate combined waves and current in any relative direction [8-10]. 
Multi-direction flow is created by controlling the velocity of 28 impellers that are installed 
around the perimeter of a circular area underneath the testing floor. The 25m diameter, circular, 
experimental basin can generate steady and repeatable flow across a large central testing area. 
It is, therefore, suitable for offshore array system testing and renewable energy farm designing.  
Flow velocity in an experimental basin can be measured using fixed point direct measurement 
devices, e.g. using an acoustic Doppler velocimeter (ADV). If a spatial mapping is required a 
large number of point measurements must be taken. This is a time-consuming process, since 
multiple ADVs can interfere with each other. Acoustic tomography provides a promising 
alternative for mapping the flow. 
Acoustic tomography can be used to visualize the internal structure of regions of interest by 
transmitting sound waves between acoustic transducers [11-15]. Travel time of the acoustic 
signal between stations is used to reconstruct current velocity map by solving an inverse 
problem. Different arrival could be separated by ray tracing propagated by different ray path. 
The acoustic tomography technology has been developed for ocean climate change monitor, 
weather forecast and Geological exploration. Ocean acoustic tomography is initially promoted 
to climate change monitor by measuring ocean water temperature variation, which is a result 
of global warming. Acoustic tomography has been developed to small scale in coastal area in 
2 
 
recent decades. This study will demonstrate flow current profiling with multi-station acoustic 
tomography method. This study offers another method for renewable energy structure test 
condition monitoring in experimental basin. Acoustic tomography technique could also be used 
in offshore turbine farm flow condition and devices monitoring. 
Ocean Acoustic Tomography is used to study ocean temperature change over large regions at 
the beginning. Sound speed in the ocean could be affected by various parameters including 
temperature gradients, pressure and salinity variations. By measuring the travel time it takes 
for a sound pulse to propagate between sensors at known positions, we can calculate the 
average sound speed between the source and receiver locations. Changes in sound speed can 
then be related to the temperature change of ocean water. Meanwhile, if the water between the 
sound sources and receivers is not stable, the travel time will change due to the fluid velocity. 
The smaller scale turbulent and internal-wave features that usually dominate point 
measurements are averaged out, so the large-scale dynamics is better determined. Fluid 
velocity measurement in rivers and straits have also been done for many years to explore 
acoustics tomography at smaller scales.  
The FloWave TT emulates real-Ocean tidal and wave conditions [16]. The use of Underwater 
Acoustic Tomography (UAT) in small-scale dynamics has great benefit, in fluid velocity 
measurements over the flow basin. This could offer assistant with tide and wave energy devices 




Figure 1.1: Side view of the FloWave Facility. The picture is taken from the working space. 
Measuring the flow patterns in the basin is critical to understanding the interaction of waves 
and currents with tidal and wave energy machines [17-18]. Currently technologies exist for 
point and small area measurements.  This project seeks to extend the ideas developed in ocean 
acoustic tomography to make wide area measurements in the basin. We aim to develop wide 
area current measurement techniques that can be implemented and tested in laboratory test 
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basins. The successful introduction of such techniques would allow a detailed characterization 
of the flow patterns in test basins, particularly involving the interaction between waves and 
currents. This project is broken down into the following stages: Introduction of the FloWave 
Facility and acoustic tomography technique; remote sensing of tide in the field work using 
acoustic tomography system; inverse problem in small scale and data processing; mapping of 
flow details in the basin. 
1.2 Internal structure measurement with tomography method  
Tomography is used to get the internal details of obstacles by sections imaging [19]. The 
tomography technique has been used in many areas through the use of different kind of wave. 
Sound wave is used as transmitting medium in the acoustic tomography research. The travel 
time, attenuation and signal arrival angle of transmitting wave are the information used in the 
tomography application. For this research, the travel time of sound wave passing through 
interested area are used to reconstruct internal details of interested area. The example of 
acoustic tomography system is as the following figure shows: 
 
Figure 1.2: Scheme of acoustic tomography, it uses travel time of sound wave passing 
through interested area to reconstruct internal details. 
The transducers are installed outside of the interested region without interrupting original field. 
Transducers and receivers are installed at fixed position. Sound sources sends out acoustic 
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signal at known time, the travel time of acoustic signals travelling through testing area is 
determined by recording arrival signals with receivers.  
In this research the travel time of sound wave is used for flow details reconstruction in a circular 
experimental basin.  The fluid velocity detail is mapped by combining signal information from 
all the acoustic sensors. We deploy some acoustic sensors in the basin to measure current 
velocity by transmitting sound in opposite directions through the flow. The modified coastal 
acoustic tomography systems were used for system control. By solving the inverse problem 
flow current velocity profile in the whole experimental tank could be mapped by acoustic 
tomography. 
1.3 Thesis overview 
The main objectives of this research are to use small scale underwater acoustic tomography 
method to map flow current details. The acoustic tomography technique and its development 
history is introduced firstly. The small scale underwater acoustic tomography is origin from 
the ocean acoustic tomography, which is promoted for remote sensing of ocean water 
parameter variation. The underwater acoustic tomography is designed based on the coastal 
acoustic tomography system that developed by acoustic tomography group in Hiroshima 
University. High frequency acoustic sensor is used here for short distance sound wave 
transmission. The use of high resolution of sound wave travel time makes small scale acoustic 
tomography possible. The underwater acoustic tomography experiment is conducted in the 
circular all-water basin FloWave facility, which is specially designed that could generate 
complicate flow condition in all directions. It makes multi-station network sensing possible 
with only two underwater acoustic tomography stations. Acoustic tomography method is used 
here for flow detail mapping in the FloWave facility. Ray tracing programming is used for 
multi-path arrival signal identification. Acoustic tomography experiment is conducted in the 
circular basin for the flow velocity analysing. The flow velocity is mapped in a horizontal plane 
with multi-station network firstly. Vertical layered velocity is analysed along the ray path in a 
slice. The flow details in the whole tank is structured with combination of horizontal and 
vertical layered analyse. The underwater acoustic tomography result is verified by fixed point 
measurement with ADV. The work of the research is structured as follows: 
▪ Chapter 2 Background 
The circular experimental basin, FloWave Facility, is introduced by modelling and flow 
simulation. The development of acoustic tomography technique is discussed and it is 
5 
 
also compared with other type of tomography method. The underwater acoustic 
tomography system that modified based on former design by Hiroshima University is 
also presented in this chapter. The acoustic tomography system is used in the FloWave 
testing, which will be discussed in the latter chapters. 
▪ Chapter 3 Acoustic Tomography technique 
Sound propagation in water could be traced with ray simulation. The travel time of 
sound wave is used in underwater acoustic tomography research here. This chapter 
introduces the forward and inverse problem for the acoustic tomography method. Flow 
velocity is analysed from three aspects: horizontal plane mapping, vertical layered 
averaged study and the three-dimensional flow detail reconstruction. 
▪ Chapter 4 Remote sensing of tide in the Bali strait---the application of coastal 
acoustic tomography system in the field work 
Acoustic tomography system can be used for remote sensing of ocean circulation, tide 
variation and water column transport. This chapter demonstrates the application of 
coastal acoustic tomography system in the Bali Strait for tide monitoring. Flow current 
in the strait is studied. It founds a base for the small scale underwater acoustic 
tomography experiment in the following chapters. 
▪ Chapter 5 vertical layer averaged current velocity reconstruction 
Flow condition is affected by surface and the bottom floor. This chapter explores flow 
current details in different depths. Sound wave reciprocal transmission experiment is 
accomplished in the FloWave facility. Uniform flow is generated along the sound 
propagation path with two opposite directions. Though reflected by boundary, steady 
signal is detected with clear arrival peaks. Multi-path arrival signals that propagate 
along different paths are identified with ray tracing in the circular experimental basin. 
Besides path averaged velocity analysing, this chapter also study layer averaged 
velocity in different depth. 
▪ Chapter 6 Flow current mapping with acoustic tomography method in the 
horizontal plane 
Flow velocity in the circular basin is analysed with acoustic tomography method in this 
chapter. A 7-station sensing network is constructed with two underwater acoustic 
tomography systems. Normalized flow is generated in the basin for velocity testing. 
ADV is installed in the testing area during the experiment. Flow velocity in the 
horizontal plane is reconstructed with sound wave travel time by solving the inverse 




▪ Chapter 7 Conclusions 
The content discussed in the former chapters is summarised. The outcomes and 
challenges about this research is concluded. Some particular concerned topics are 
discussed in detail for further development of small scales underwater acoustic 
tomography. 

























Figure 1. 3:  Overview of the thesis. The links of chapters shows the structure of this thesis 
and how is this research combined by these different parts.  
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This research explores the detailed profiling of small-scale flow details using underwater 
acoustic tomography method. Except for the field work conducted in the Bali Strait, all the 
experiments are conducted in the circular basin of the FloWave Ocean Energy Research 
Facility. This all-waters experimental tank is constructed for model testing of ocean 
engineering device. Different from traditional rectangle testing tank, this circular basin could 
not only simulate almost all the flow conditions in the ocean, some complicate flow that only 
exit in computer simulation for former research can also generated in the tank. The state-of-art 
facility will be introduced in this chapter with model construction and flow simulation. During 
working the flow velocity needs to be measured in detail in order to explore the working 
condition of testing devices in the tank. By doing this the working progress of the testing devise 
could be monitored. Acoustic Doppler Current Profilers (ADCP), Acoustic Doppler 
Velocimetry (ADV) and Particle Image Velocimetry (PIV) are normally used for flow velocity 
measuring. All of these flow velocity profiling devices either only measure the flow velocity 
at one fixed point or over a small area. Meanwhile, ADCPs transmit sound beams within an 
angle and cannot measure flow details over the whole experimental basin. Flow current 
measuring devices will also be introduced and compared in this chapter. 
Besides fix point measurements, the flow details in the target experimental area can be mapped 
using the acoustic tomography method, which gets flow details by transmitting sound waves 
across the target area. In the tomography system the sensors are installed either outside of, or 
on the boundary of testing area.  It can be used to detect the internal structure and details of the 
target using non-contact methods. Tomography has been applied to many applications in 
different areas. This chapter introduces some applications of the tomography method, 
especially using acoustic signals. The underwater acoustic tomography used in this research 
origins form ocean acoustic tomography, which was promoted by America oceanographers for 
the mesoscale (100 km) ocean water parameters sensing [20-24]. After being developed in the 
deep sea for two decades the acoustic tomography method is introduced to coastal area by 
acoustic tomography group in Hiroshima University [25-32]. They also design a coastal 
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acoustic tomography (CAT) system to better analyse flow condition in coastal area. The CAT 
system has also been used for river water volume transport monitoring in recent years [33-39]. 
The underwater acoustic tomography system used in this research is based on the CAT system. 
The system used was designed and tested is completed in cooperation with the acoustic 
tomography group Hiroshima University. The main different from CAT system this underwater 
acoustic tomography system uses high frequency broadband sonar sensor. The tomography 
method and development history of acoustic tomography will be presented in the following 
sections. Furthermore, the underwater acoustic tomography systems design and its testing will 
be described in detail.  
2.2 Experimental tanks and the FloWave Facility  
2.2.1 Experimental tanks 
Wind tunnels are of great importance to aircraft designing, they make a big contribution to the 
development of aviation industry [40-41]. They can simulate air condition anywhere in the 
world, even for air flows that not exist on earth. An airplane model is tested in wind tunnel to 
check its performance. Meanwhile, newly designed aircraft also needs model tests in the wind 
tunnel for its shape variation [42]. In a similar way, model testing also make sense in the 
shipping industry, and in the assessment of ocean structures. Boat models are tested in the tanks 
before the real full-scale boats are used. Scaled model testing of new designs for offshore 
structures is also essential, given the large capital investment in their construction. 
Experimental testing is sometimes used for offshore renewable energy systems [43]. Test 
methods were originally designed for wave energy devices but are now being applied to tidal 
and offshore wind turbines.  
Experimental tanks and basins are built for ocean structure model testing. These facilities 
provide a controlled environment where specified met ocean conditions are available on 
demand in a repeatable way, allowing both the performance and survival to be characterised 
[44-48].  Condition requiring flowing water can also be simulated in some experimental tanks 
and basins. Such facility can be used for fluid mechanics studies, vehicle model testing and 
ocean structure testing. Model testing also decreases the risk of failure in the real ocean 
environment. As all ocean conditions can be simulated and reproduced in the laboratory, the 
ocean structure model can be tested in the tank and check its working condition. This progress 
is normal for almost all the structure development. To meet particular requirement 






Figure 2.1: Wide tank that ever in service in the Edinburgh University. It was constructed for 
in wave condition simulation in ocean and structure testing. It has been teared down after 
working 24 years.  
 
 
Figure 2.2: The curve flow testing tank in the Edinburgh University. The sea state curve tank 
can generate wave from different direction and can be used for wave condition exploring. It 




Offshore renewable energy system testing in the experimental tank is of great importance to 
the energy system developing. Several researches have focused on the rectangle tank for 
offshore energy system model testing in the laboratory. The rectangular experimental tank, 
however, could generate only bidirectional flow with limited testing area. Moreover, the 
performance of the flow is affected by the boundary conditions in a large extent. In the actual 
ocean environment, the wave and current may come with various velocities from all directions 
and interact with ocean devices in various modes. The devices will therefore not interact tidal 
current along one single direction. To get multi-direction effect, the model must be rotated or 
reloaded to simulate the real tidal current. It may be impossible to get this situation for large 
arrays. Real site conditions, however, normally include multi-directional waves and complex 
currents in any relative direction.  
Many experimental tanks are designed as a rectangle so they can generate steady wave or flow 
current in the testing area [49-50]. Steady uniform wave can be created in the rectangle tank 
for wave condition study and wave energy system testing. To reduce the effect of reflected 
waves some tanks introduce wave absorbers or beaches on the opposite side from wave maker. 
The length of waver tanks can be hundreds of meters, so that the effect of wave reflections is 
decreased, or so that tests involving towed models can be conducted. Rectangular tanks have a 
limited capability to create multi-directional waves and currents. In the real ocean environment, 
however, the waves and flow interacting with the structure under test come from many 
directions.  Testing multiple directions, thus normally requires, the repeated recovered and 
installed of the device in order to change direction. The Wide Tank (figure 2.1), was designed 
to generate wave at angles of up to 30 degrees using a bank of wave makers along one side. It 
is constructed by Edinburgh University in 1977 [51]. It was the first multi-direction wave tank 
to use a bank of absorbing, force-feedback, wave makers to create waves. It able to generate 
multi-directional, poly-chromatic, seas representative of those found in the ocean.  
The Curve Tank was built by Edinburgh University in 2001. It was a direct development from 
the wide tank and made use of many of the original components as well as the control system 
[45,52]. Unlike rectangle tanks, the curve tank was built using a 90-degree arc of wave makers. 
This design increased the range of multi-direction wave states that could be created improving 
the tanks ability to simulate realistic sea-states. As shows in figure 2.2, the waves generated in 
the tank are absorbed by a bank of vertical “beaches”, installed along a long side of the tank. 
Model tests can be monitored through the clear side wall next to the work station.  
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The wide tank and curve tank were designed for wave-structure analysis. Tidal research is also 
of great importance of offshore renewable energy systems. A wave-current flume was built to 
generate combined waves and current. It was designed as a very small (circa 1:100) scale 
facility. It is equipped with a PIV system that has been used for detail flow measurement. The 
side walls of flume are glass, to allow laser light to pass through. 
 
Figure 2.3: The Flume testing tank in the Edinburgh University. Flow can wave can be 
generated in the tank for flow analysing.  A PIV is introduced in this system for flow current 
detail profiling.  
The curve tank was designed to generate complicate wave in some different directions, it offers 
a relatively larger testing area than wide tank. A rectangle tank, however, cannot generate the 
same flow from all directions and avoid the problem of rotating and reinstalling devices. The 
need to create such complex conditions in the laboratory led to the development of the FloWave 
facility at the University of Edinburgh. FloWave is the first circular experimental tank in the 
world that can generate waves and flow current in any relative direction [8]. FloWave is a state-
of-the-art ocean research facility that designed to provide a testing facility for large scale (circa 
1:30) modelling services for wave and tide research. It has the ability to generate complex 
multi-directional waves and flow currents in the 25m diameter circular tank (figure 2.4). This 
circular basin permits to generate steady, reproducible flow in the central area [8-10,46]. The 
risible floor in the central area is designed for installing and removing the devices easily. It is, 
therefore, suitable for offshore array platform testing and renewable energy farm designing. 
Waves are created using a bank of 168 wave makers around the outside of the basin, while 
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currents are created using 28 separately controlled by controlling the rotating speed of impellers 
installed underneath the test floor. By controlling rotational speed of the impellers, FloWave 
can generate steady flow up at up to 1.6 ms-1 (in current only mode) and up at up to 1.0ms-1 
when combined with waves [8-9].  Table 2.1 shows summarises the experimental facilities 
built at the University of Edinburgh.  
 
 
Figure 2.4: Section of the FloWave Facility. Steady flow is generated by the impellers that 
installed underneath the testing floor along the perimeter. 
Table 2.1: Flow tanks in the Edinburgh University. 
 Wide tank Curve tank Flume FloWave 
Construct time 1977 2001 2011 2013 
Tank shape rectangular arc rectangular circular 
Flow type wave wave wave/current wave/current 
Flow direction -30° to 30° 0 to 90° 0° or 180° any direction 
Dimension 10m×27.5m 14m×9m 10m×0.4m 25m Ø 
Depth 0.6m 1.2m 0.5m 2m 
Scale 1/100 to 1/150 1/70 to 1/100 
1/40 for ocean 
structure 
1/100 for wave 




2.2.2 Model simulation of the FloWave facility 
The circular experimental wave/current basin is designed to simulate the coastal environment 
in the laboratory for ocean structure testing. It could also be used for wave and flow interaction 
research to explore how the ocean works. The water depth of the testing area in the tank is 2m, 
another 2m depth water is underneath the testing floor (figure 2.5). The risible plate in the 
centre of the floor can be lifted out of the water for instrument and model installation and 
lowered for testing. It offers a continent way for testing device installing and recovering with 
high efficiency. 28 pumps are installed under the testing floor along the circumference. The 
turbines are all controlled in the work station. This basin could generate steady flow in all 
directions by combined controlling of all the impellers’ speed. A group of vanes are used to 
regulate inflow and out flow directions, which makes repeatable steady flow in the testing area. 
The flow direction could be changed quickly within 7 min. The wave makers allocated along 
the circumference can make waves from all directions. The bridge above the tank can move 
along the rail, which make it possible to get access to all the positions in the testing area.  
 
Figure 2.5 Vertical section of the FloWave facility. The turbines are installed along the 
perimeter of a circular area underneath the testing floor for flow generation. The bridge across 





Figure 2.6: Vanes in the Flume. The sub-vane is used in the tank for flow direction restriction. 
Steady uniform flow can be created in the flume without strong interaction with water surface 
near input flow. 
The FloWave facility generates waves at 2s period and 0.4m height and the fastest flow reaches 
a velocity of 2m/s. It can offer a model test tool for most renewable energy devices. The test 
area above the floor is 2m deep (Figure 2.5), the water depth underneath the floor is also about 
2 m in depth. The 168-segmented wave makers are installed around the circumference of the 
tank. The wave makers generate steady wave and absorb the wave by active controlling, which 
diminishes an interaction of the incident and reflected waves. These wave makers not only 
create regular waves, but also generate multi-mode ocean states from different directions. Here 
in this study only flow construction is taken into account, and wave makers keep no motion 
when the impellers push steady flow.  
To explore flow generation theory in the circular tank, the inlet vanes that combined with 20 
vanes (figure 2.5) should be analyzed to the better controlling of inflow direction and speed 
[10]. As shows in figure 2.5, water is moved using 28 impellers installed under the floor of the 
tank. Steady flow is generated by controlling speed of the impellers individually. Since flow is 
moved across the tank floor with impellers either pumping or providing suction, the vanes must 
cope with either inflow or outflow.  Careful design of these vanes is critical to ensure fully 
developed flow is crated efficiently.  The inlet vane design was tested in the wave-current flume 
(Figure 2.6).  
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Computational Fluid Dynamics (CFD) simulation is a powerful tool that can be used in tank 
designing, flow modelling and experimental design in the tank. Initially, a model of the wave-
current flume has been constructed.  The flume is 10 m  0.4 m  0.5 m. The inlet uses 20 
vanes to control the flow angle, which are also present at the outlet.  The mean inlet velocity is 
0.2 ms-1. The inlet velocity through each channel between the vanes is individually controlled 
to give the correct flow angle. The floor of the flume is modelled as a no-slip wall and a two-
dimensional model has been used. As shown in Figure 2.7, the angle of the vane ranges from 
0
25   to 037  . To ensure an accurate simulation, the grid is finest around the inlet surfaces. This 
study neglects the effect of gravity on the water in the flume. There results (Figure 2.7) show 
that there is a strong shear layer around the inlet flow, the purpose of which is to ensure the 
wave maker is not affected by the flowing water [53]. The testing area, downstream towards 
the outlet has the required uniform flow profile (Figure 2.7). Generating a usable test section 
from (3m-8.5m) in the flume.  
   
 
Figure 2.7: CFD simulation of a wave-current flume with multiple inlet vanes, using STAR-
CCM+.  
After constructing a model of the flume, the same approach has been used to construct a CFD 
model of the FloWave facility. Initially, a three-dimensional model of the circular basin was 
built using the solid edge 7 CAD system. The diameter of this circular basin is 25m. The 28 
equally spaced vanes are placed around the circumference. The model is combined up by 28 
sectors. Each sector contains a flow guide, divided into 20 vanes, once again with varying flow 
angles. Each sector can act as a flow inlet or outlet. Effectively, the circular basin works like 
14 flumes merged together. In this study, 7 sectors were specified as outlets (with the pumps 
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providing suction) and the rest as inlets (Figure 2.8) [9-10,54]. The model was bounded by a 
circular wall to represent the wave makers. This model was used to simulate uniform flow in 
the FloWave basin using STAR-CCM+.  
This simulation intends to demonstrate that steady, uniform flow with a velocity of 0.8 ms-1 
can be created across the central test area. The flow direction is from left to right, parallel to 
the x-axis of the model (figure 2.9). In the central area, quasi-uniform flow offers a testing 
space for ocean renewable devices. Moreover, the test region is large enough to allow for the 
array testing. The flow field near boundary is much more complex, with recirculating flow 
regions. The CFD simulation shows that a circular tank can generate a uniform flow, and that 
the flow field is similar across the central area.  More complicated case can be also simulated 
with CFD, showing the powerful practicality of this tank. Some direct measurement of flow 
have also been made to understand its working performance [9].  
 
 
Figure 2.8: Three-dimensional model of the circular tank constructed by solid edge. The 





Figure 2.9: Flow velocity field simulated in the circular tank. The flow is from right to left 
with a nominal input velocity 0.8m/s. 
2.3 Flow velocity measuring technique  
Ocean current sensing is of great importance to global circulation [55-57]. Surface wave and 
upper layer current can be measured with satellite, high frequency radar (HF radar) and aerial 
photography [58-61]. Those devices use remote sensing system for flow detail mapping. Other 
devices can be deployed in water to measure flow velocity in a small scale. Floating bottle and 
drifting buoy can also be used for flow current measuring, track trajectory of them is plotted to 
trace ocean current [62-63]. Figure 2.10 shows the distribution of ARGO in ocean. It is a kind 
of drift, which can dive to deep sea (about 1000m) and flow with ocean current. It can rise up 
to water surface for data transporting and communication. Other devices that used for flow 
current measurement will be introduced in the following content. 
Ocean structure model testing in the experimental tank can decrease the risk than installing full 
scale device directly in field. During tests in flowing currents, the velocity field across the tank 
need to be properly characterised so that the conditions the device is subjected to are fully 
understood.  Flow details in experimental tank and basin can be profiled with flow measuring 
devices. Local flow conditions can be mapped in detail over a small area using particle image 
velocimetry (PIV) [64-65]. To characterise the flow detail over larger area a large number of 
direct fixed-point measurements is normally needed. The flow detail can be mapped using 
acoustic Doppler velocimetry (ADV) or electromagnetic flow meters [66-67]. The spatial 
resolution in such cases is restricted by the number of direct measurements that taken in the 
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tank. Acoustic Doppler current profilers (ADCP) can be used in flow detail measurement in a 
certain area. The flowing water within sound wave beams of ADCP can be profiled. 
 
Figure 2.10: ARGO floats in use for global sea water parameter measuring. They are 
distributed in most sea regains on the earth. This data is got from Argo project. 
Acoustic Doppler Current Profiler (ADCP) works like sonar. It transmits sound waves in water 
column and the echo wave is received. Doppler shift is obtained when particle moves in the 
water column by analysing scattered sound wave [68]. The frequency of sound wave used in 
this system is from 38 kHz to some Megahertz, which determine the working distance (meters 
to hundreds of meters) of ADCP. This device can not only used for flow velocity mapping, it 
also used for wave monitoring in ocean. ADCP can not only be fixed on surface plat to sense 
water volume bellow it, it sometimes installed on the sea bottom to measure water parameter 
of wave height variation [69-70].   
Acoustic Doppler Velocimetry (ADV) uses sound wave pings for flow velocity measuring [71]. 
A transmitter sends high frequency sound wave continuously, which is received by receivers. 
The Doppler Effect is observed when particles pass through the sound field of ADV. The vector 
velocity of the moving particle is acquired with this method, it is treated as flow velocity at this 
position. The ADV is widely used in laboratory testing and field work, it sometimes is fixed to 
other moving plat for flow parameter sensing [72]. An ADV (Vectrino) is used in this study 
for fixed point flow velocity measurement, which is used to verify the reconstructed result by 
underwater acoustic tomography method.  
Laser Doppler Velocimetry (LDV) also use Doppler shift of laser beam to measure the velocity 
of fluid flows [73]. Not like ADV, this device use laser beam as a media instead of high 
frequency sound waves. The measurements of velocity are taken at a point or small area where 
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two laser beams meet. Light is scattered when a particle passes through the intersection volume, 
the scatters light is received with a detector. The frequency of the scattered light is proportional 
to the velocity of moving particle. Accurate and reliable moving velocity of particle in flow 
field, including turbulence, can be measured as high frequency laser beam is used in the system. 
It can also be used for measuring small vibration of solid surface and get the frequency of the 
movement.  
Particle image velocimetry (PIV) is used as a method for small scale flow detail visualization 
in the experimental tank [64-65,74]. The flow fluid is seeded by tracer particles, which are 
assumed to have same velocity with the flow current. The movement of the seeding particles 
is used to track flow current. Position of particles are acquired with camera continuously; 
velocity of particle can be calculated by analysing position change of them within a fix time 
zone. Flow details in a region can be mapped with this method, it can even get three-
dimensional vector field by slice analysing [75].  
ADP, LDV and ADCP use the Doppler shift of energy wave when the target particle is moving 
in water. Seed (particle) is needed if use Doppler Effect for the flow detail mapping in clean 
water. Water in river, lake and sea is ‘dirty’, small particle is used as seed in those environments. 
ADV and LDV can only measure flow velocity in a certain position. ADCP can map flow 
details in a horizontal plane or three-dimensional water volume [76-77]. It transmits sound 
wave beam within an angle like a flashlight, there will has dead area that sound wave cannot 
reach. ADV and ADCP is widely used in ocean surveys, they are always installed on platform 
or boat [78-79]. LDV and PIV take Laser beam as a media to measure flow velocity. It needs 
laser machine for this system, which is costly and needs training for the laser machine using. 
Meanwhile, LDV and PIV have high requirement of the experiment environment. The laser 
beam needs pass through the container of flow, where glass wall is always needed. This 
requirement restricts the application of those devices. It is hard to use them for flow detail 
measuring in the outdoor field surveys.  Though buoy can be used for flow velocity measuring 
lonely, it always used together with other flow velocity measuring equipments [80-81]. It is 
always a combined water parameter measuring plat, which also get water temperature, salinity, 
oxygen density, water pressure etc. Meanwhile, the discrete flow velocity measuring devices 
are also always fixed to vehicle (USV, UUV, ROV, sea glider etc.) [82-85].   
As shows in table 2.2 flow velocity measurement equipment presented here can only measure 
flow details in a one position or very small range. The multi-station sensing network using 
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sound waves transmission in a certain distance will be introduced in following sections, it can 
map flow details in a large area. This method can get flow velocity map in an interest region 
by one transmission. 
Table 2.2: Flow velocity measurement methods and their application. 
Measure range Device Occasion Theory Typical Application 











of Laser beam 
Flow research, Blood flow 
in medical, navigation,  
Profile flow details 
within a range 











Figure 2.11: Compare of discrete measuring and multi-stations network sensing with 
tomography method. Blue circles are discrete measurement of the field parameter. Yellow 
circles are tomography stations and red line are kind of wave energy transmission path through 
original field.  
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The network sensing system can use non-contacting method for internal structure mapping 
without affecting original field. This method is particularly important when it not allowed to 
insert measurement devices in the target. Such measurements became particularly useful for 
investigating the transportation of water through channels, straits, and ocean basins. The flow 
details in experimental tank also need real-time monitoring to get working progress of testing 
devices. This research explores using network sensing system for small scale flow detail 
sensing in the circular experimental basin by installing sound stations in the basin. The sound 
stations are deployed near boundary of the circular basin to avoid interrupting original flow 
field that generated in the flow tank. The flow details in the central testing area can be 
reconstructed with the multi-station sensing network. The original flow field will more or less 
affected by flow detail measurement devices if they are distributed in the original field. 
Moreover, the efficient of discrete measurement is much lower than network sensing system. 
The internal structure if target can be mapped with one measurement using the sensing network, 
which is of time and cost effective. One can get ( )1 2N N −  measurement result when the 
station number is N  in the network sensing system. As shows in figure 2.11, 15 measurements 
are acquired when only 6 stations are used in the network sensing system. Discrete 
measurement method gets same number of data with the discrete station. Spatial of the 
measurement is highly improved with network sensing.  
2.4 Acoustic Tomography and its development in small scales  
2.4.1 Tomography 
Tomography is a technique used for internal imaging of target object with sectioning by 
transmitting some kind of wave energy in the target area [86]. Different type of wave energy 
or partials are used as media in various type of tomography research. The information about 
internal structure or interest area is obtained by wave transmission or partial travel time within 
it. The obtained information is used for inverse problem solving, which bring a solution of 
interested parameter. Different from discrete measurement, the tomography method use field 
sensing by constructing network sensing system. Sensors are fixed near the boundary of target 
object or interest zone; detailed image of internal structure can be presented with this non-
contacting method. The resolution of the imaging in the tomography field is largely depend on 
measurement taken in the multi-station sensing network. The most famous tomography 
technique is computerised tomography that used in human body internal structure imaging. 
Figure 2.12 shows a typical example of the computerised tomography system. A transmitter 
and 5 receivers are fixed to the ring, which rotate around the target. Meanwhile, the underwater 
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acoustic tomography method used in this research is also a multi-station sensing network. The 
main difference between this small-scale acoustic tomography and normal acoustic 
tomography research is the sound wave frequency.  
 
Figure 2.12: A typical example of tomography system. A transmitter and 5 receivers are fixed 
to the ring, which can rotate around target area. Phasic field in the ring is affected by target 
product, the parameter of target can be reconstructed by solving the inverse problem.   
Computed tomography (CT) is a well-known medical device that used in medical application 
[86]. X-ray transmitter and receivers are installed in a ring, which rotate around human body. 
The attenuate of X-ray is used for internal structure mapping as the absorption is different when 
the energy pass through different organ, it works as shows in figure 2.12. X-ray CT scanner is 
widely used in disease diagnose for bones, soft tissue, flow blood and organ checking [87-89]. 
CT scanner can provide 2D mapping of the organs, three-dimensional internal structure of body 
and structure can also be obtained with “adding” of all slices. This technique can make the 
internal structure of body visible, the image can monitor with screen, printed on film and saved. 
 Atom probe tomography (APT) is a technique three-dimensional imaging of atom distribution 
and chemical materials analysing [90].  Ion is sent by atom in the highly voltage electric field, 
the travel time of ion is used in atom position reconstruction. APT is up to now the only 
technique that can get high resolution mapping of internal structure analysing in atom scale. 
The position of different kinds of atom can be mapped with this method, which is applied in 
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material surface atom structure analysing. It is the only technique that used in small scale atom 
distribution study [91]. This technique is also used in chemical composition analysis.  
Electrical tomography is main part of process sensing method in the industry development [92-
93]. Electrical tomography mainly includes three kinds: electrical capacitance tomography 
(ECT), electrical impedance tomography (EIT) and electrical resistivity tomography (ERT). 
ECT measures internal dielectric permittivity distribution of target object from capacitance 
change of the electrical field that created by electrodes [94]. The resolution of ECT is relativity 
low than other progress tomography method due to restrict of electrode numbers. It is widely 
used in industrial progress sensing, including internal distribution of mixed objects [95]. 
Electrical resistivity tomography is used for sub-surface structure detailing in geophysics 
survey, it is some kind like the acoustic tomography method used in this field [96]. Electrodes 
are inserted in earth and used for current injection; the variation of electrical resistivity is used 
for inverse problem. Sensor arrays are normally inserted in the boundary of interested area and 
acquired data is used in the ERT surveying. Electrical conductivity and impedance of a tissue 
that measured with surface electrode is used for tomography image plotting in the EIT. This 
technique based on the principle that electrical conductivity is different of various tissues and 
movement of gas and fluid in the tissue. EIT can be used in medical examination for internal 
structure analysing of body and another organ together with CT.  
Sound wave is used as media for internal structure mapping and progress monitoring in the 
acoustic tomography. Acoustic tomography technique is used in weather forecasting, 
geography surveying and sea water parameter sensing [97-99]. The frequency of sound wave 
is different according to its application field. Acoustic stations are allocated around the interest 
area, sound wave is transmitted with transmitters. Acoustic signal is received with receivers 
after a certain distance propagation. The information of internal structure is obtained with the 
sound receiving, sound wave propagation along different path. Travel time of sound wave is 
normally used in the acoustic tomography, the attenuate of sound energy and phase variation 
of sound wave are also used in the acoustic tomography research. Meanwhile, ambient noise 
can also be used as input for passive acoustic tomography [100-103]. Figure 2.13 is an acoustic 
tomography system that designed to measure air temperature distribution [104]. As shows in 
this figure, sound transmitters and receivers are allocated in the ring. They are deployed in the 
boundary around interest area, which can avoid the sensors’ disturbing of the original field. 
Transmitters send sound waves simultaneously and the propagating acoustic signals are 
received by receivers. The air temperature field can be reconstructed with this tomography 
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system. The air heating progress can also be monitored with this tomography system by 
continuously transmitting of sound waves. This method is widely used in progress tomography, 
which play an important role in industry development. 
  
Figure 2.13: Air temperature sensing system using acoustic tomography method [104]. The 
sensing system consists of 12 sound transmitter and 12 receivers. The sensors are installed 
along the circumference of 1m radius circular ring. A heat source is placed under the sensing 
network for air temperature heating.  
Optical tomography (OT) uses light beam for internal structure profiling [105]. It works like 
computed tomography and can also be used in medical application. According to the 
information used in this method optical tomography can be divided to two types: optical 
projection tomography and diffuse fluorescence tomography. The travel time of light and light 
energy attenuate are used as information in optical tomography inverse problem solving. The 
three-dimensional structure of objects is reconstructed with stack of a series of 2D tomography 
slice. This technique can be used in breast cancer detection and cerebral measurement. The 
internal structure of tissue can be mapped by slice analysing in the optical tomography [106]. 
Tomography method has been developed to many different types, all of them are used in 
internal information obtaining of structure and progress monitoring. This technique is used in 
different scale and applications, from nanometre to thousands of kilometres. The table 2.3 
presents a compare of those tomography method, they are applied in various field. Atom probe 
tomography the atom distribution mapping technique, it is up to now the smallest scale 
tomography method. It is can be used in chemical composition analysing and mapping of atom 
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distribution in a structure. The atom probe tomography is the only technique in tomography 
field that use ion particles for atom distribution mapping. The variation of wave field in the 
interest area or target is used in the inverse problem-solving progress for all other tomography 
method. The development of tomography technique is in some extent origin from requirement 
of medical application. Computed tomography is widely used in medical tissue surveying and 
disease assuring by internal structure mapping of body. This technique is the most famous 
among all tomography method, it is awarded a Nobel Prize for its contribution in medical 
application [107]. Many diseases can be assured conveniently with assistance of computed 
tomography imaging. Electrical tomography is also applied in medical checking. It is also a 
practical method for small scale flow progress monitoring in progress tomography. Optical 
tomography use laser beam as media to detect internal information of tissue. Plenty of sensor 
node is used in the optical tomography, it can create detailed mapping of tissue for medical use. 
Acoustic tomography method can also be used in medical check, a good example is the breast 
cancer checking. The acoustic tomography is widely used in industry development. It is a 
useful technique in earth surveying as sound wave can propagate in earth, water and in the air 
with small attenuation. The underwater acoustic tomography technique that will be presented 
in this study is a research field of acoustic tomography, which use different frequency of sound 
waves as media for internal structure mapping. Travel time of sound waves is used in the 
underwater acoustic tomography research in this study. 
Table 2.3: Comparison of tomography methods. 
Tomography type Medium  Theory  Application 
Computed Tomography X-ray 
Attenuation 
variation 







surface structure mapping  
Atom probe tomography Ion  Ion flight time 









travel time, phase or 
attenuation 
Weather forecast, 





Flow dynamic research is a main work of ocean engineering structure designing and testing. 
The model of ocean structure can be tested in the experimental tanks. To better explore the 
working condition of the testing devices, the flow fields and testing progress should be 
monitored continuously. As discussed in the former section the CFD simulation has been 
frequently used for the offshore renewable energy research. It caters for complicated flow fields 
and boundary conditions. In the real testing conditions the fixed-point measurement is normally 
used to monitor the small-scale flow fields. Direct measurement of flow detail and water 
parameters is also used in the open water experiments. Beside the fixed-point measurement, 
the acoustic tomography method can also reconstruct the flow fields in the experimental tank 
and open waters.  
Acoustic tomography techniques that based on sound wave transmission between pairs of 
sound stations provide a promising way of characterising the flow test conditions. Acoustic 
tomography is an advanced technique that can map the structure of flow in an observation 
domain by transmitting sound waves through water between a set of acoustic transceivers. 
When an acoustic signal is transmitted between two fixed stations then the signals travel time 
is affected by the fluid velocity component in the travel direction. If the signal is transmitted in 
both directions, then the fluid velocity can be found using the reciprocal travel times.  Since 
sound waves from the transmitter is scattered, multiple signals will arrive at the receiving 
station with sound rays being reflected from the water surface and the bottom and walls of the 
basin.  Consequently, a multi-path analysis of sound transmission can be performed allowing 
the velocity profile to be reconstructed. The acoustic tomography sensing network can be 
constructed with certain number of stations. 
2.4.2 Ocean acoustic tomography 
Acoustic tomography method is used in ocean for water parameter sensing. Sound stations are 
installed deep in the sea with a certain distance. Low frequency sound wave is transmitted with 
sound source, the sound waves are received with hydrophones after long distance propagation. 
The sound source is deployed in a certain depth (around sound channel axis) for long distance 
propagation. Sound wave will propagate according to sound propagation principles, which will 
be presented in the following chapter. Multi-path propagation acoustic signal can be observed 
at the receiving station. Sound speed is determined by water temperature, salinity and water 
pressure. Sound travel time is affected by sound speed variation. Meanwhile, the average sound 
speed is also involving the current information along ray path. The travel time of sound waves 
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are used as input information in the inverse problem. Sound speed variation and current 
velocity can be reconstructed using sound travel time between sound source stations. Sea water 
temperature can also be reconstructed as the sound speed is affected by it. The water parameter 
in an interest area can be profiled with network sensing with acoustic tomography method by 
solving inverse problem. 
Ocean acoustic tomography (OAT) was initially proposed by Munk for mesoscale ocean 
parameter monitoring in the ocean [11,20]. Ocean acoustic tomography is used in deep sea for 
water temperature sensing, which a result of global warming. It has been applied to the study 
of mesoscale oceanic eddies and monitoring climate change [21,108-109]. The reconstructed 
result can be used in climate change monitoring, it is a useful method for ocean internal 
structure profiling. Since the 1980s ocean acoustic tomography technique has been used to map 
flows in oceanic and coastal waters. A series of acoustic tomography experiments have been 
conducted in the open waters [11,110], which shows a good application of this method for 
water parameter variation sensing. Using the acoustic tomography method, we could 
reconstruct the unknown ocean parameters (salinity, temperature, sound speed, flow details) 
by studying travel time of sound that propagate through the considered field.  
Low frequency sound source is used in the ocean acoustic tomography for high power sound 
wave transmission. The sound waves are normally modulated to get high SNR at receiving 
station, its bandwidth is broadened in this way. The broadband sound waves can be obtained 
with hydrophone arrays after a long-distance propagation. Sound source is normally fixed to 
vertical rope, which is moored in the sea floor. The sound source will be affected by ocean 
internal current, the position of sound source is always not fixed. The accuracy of sound 
source’s position is of great importance in the ocean acoustic tomography research. The long 
baseline positioning system is used for sound source position tracking. Hydrophone arrays are 
used for sound wave receiving, the SNR will be improved with array signal processing. 
Meanwhile, multi-path propagation can be observed with vertical hydrophone arrays, which 
receive arriving sound wave separately and add them up with time shifting method. Control 
system for ocean acoustic tomography is normally kept on boat as power supply for low 
frequency sound transmission is of high requirement. Self-contained system can be developed 
for sub-surface deploying, the power supply is achieved with battery. The ocean acoustic 
tomography systems are synchronised with GPS signal, this signal also offer assistance to 
sound station positioning. Quartz clock is always used as timing system for sub-surface station.  
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As sound waves is a kind of energy that transmitted in water, it has effect on ocean livings. 
Transmission of high-power sound waves in open waters needs take sea mammals and other 
livings into consideration. Low frequency sound waves are used in the ocean acoustic 
tomography research for its few attenuate in long distance propagation. Low frequency sound 
wave is also used by marine mammals for long distance communication, it is also used for sea 
mammal navigation. Working frequency of ocean acoustic tomography need to avoid affecting 
ocean living, ultra-low frequency can be considered for long distance sound wave propagation 
in the deep sea. 
2.4.3 Coastal acoustic tomography   
The coastal acoustic tomography technique that applied in coastal area is originated from ocean 
acoustic tomography. It is a remote sensing method of water parameter changing and the flow 
details in the coastal areas (Shallow Ocean, near offshore area, strait). This technique can sense 
water parameter in harbours and bays with busy shipping. The acoustic tomography has been 
extended from deep sea to the coastal seas around the East Asian countries [25,27,31,36,111-
113].Over the last two decades coastal acoustic tomography (CAT) has been developed as a 
refinement of OAT and applied to shallower coastal waters at smaller geographic scales 
[25,27,31].The acoustic tomography research was introduced to the coastal area by the acoustic 
tomography research group of Hiroshima University that leaded by Prof Kaneko in the 1990s 
[31]. The coastal acoustic tomography method was used in the lake and strait for flow detail 
profiling [32,114-115]. Coastal acoustic tomography systems are also used for sound 
transmission in inland sea [32,115]. The shallow water sound transmission using coastal 
acoustic tomography shows a good performance of the self-contained system. As shows in 
chapter 4 the acoustic tomography method has been used in water properties profiling in the 
Bali strait for tide monitoring. While OAT and CAT have normally been used to map the 
velocity in a 2D horizontal plane, Taniguchi et al., [23] studied the vertical profile of the 
Kuroshio Current southeast of Taiwan using acoustic tomography stations moored below the 
surface. Acoustic tomography has also been applied at smaller scales still for monitoring flow 
in rivers [116-117] by using higher frequency sound waves. The acoustic tomography systems 
are installed at both sides of river for high frequency sound wave transmission. Water volume 
transport and water height can be monitored with the remote sensing method. Meanwhile, the 
flow details in river can be reconstructed with multi-station sensing network. 
A commercial coastal acoustic tomography system is developed in Hiroshima University and 
has been used in many coastal acoustic tomography researches [27]. The land-based coastal 
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acoustic tomography device is a self-contained system, it can be installed in the open field and 
transport received data with satellite. The reliability of CAT system was validated by the field 
experiments in coastal areas [26,118]. Mirror-coastal acoustic tomography system (M-CAT) is 
also designed in Hiroshima University, this self-contained device is used in deep sea for flow 
detail sensing. The M-CAT system transmit received raw data to land-based station, through 
with the underwater information can be processed. The flow details in deep sea can be 
monitored with this sub-surface moored network sensing system. 
The boundaries will have strong interact with propagating acoustic wave in the shallow water. 
Multi-path propagation will be overlapped at the receiving station as sound waves are reflected 
with water surface and bottom floor. The topography of shallow water has big effect to bottom 
floor reflection of sound wave. Scattering is also much stronger compared with deep sea sound 
wave transmission. All of those factors make sound transmission of coastal acoustic 
tomography more complicate. Higher frequency sound wave is used in the shallow water 
acoustic tomography, which make time resolution much higher. Hydrophone arrays can be 
used in the coastal acoustic tomography research to get higher SNR with array signal 
processing. Multi-path propagation can also be obtained with the vertical sensor array, the 
arrival signals can be used for layered analyse in the vertical section. The three-dimensional 
mapping of water parameter distribution can be obtained by combining of vertical layered 
analyse and horizontal plane mapping. This method will be presented in the following chapters. 
2.4.4 Small scale acoustic tomography in experimental tank 
Normally new technique is developed from laboratory to the field work in open area, this is 
because model testing is needed before the full-scale model get in use. The acoustic 
tomography method is used for water parameter sensing in open waters for the last forty years. 
As the development of acoustic tomography technique, this method is used in smaller scales. 
The coastal acoustic tomography is used in lake and river for water transport sensing. Coastal 
acoustic tomography system is also designed and applied in coastal area. This method can also 
be used in much smaller scale for water parameter sensing. Philippe Roux explore water 
temperature variation with two vertical transducer arrays in a rectangular tank using double-
beam forming method [119-121]. This method is tested in the experimental for water 
temperature changing with two sensor arrays. Plenty of high frequency transmitter is used in 
this experiment, the sound transmission paths offer enough information in the inverse problem 
solving. This method can also be used in field work for vertical water parameter sensing, 
especially in the shallow water. Meanwhile, hydrophone arrays are always used in shallow 
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water acoustic tomography. The SNR can be improved by array signal processing, multi-path 
propagation sound waves can be observed with sensor arrays. At the same time, the double 
beamforming acoustic tomography method will be affected with ambient noise in the open 
water testing.  
Underwater acoustic tomography was originally developed as a method for global sea water 
temperature monitoring in deep sea. Small scale sound wave propagation is normally 
conducted in shallow water, the underwater acoustic tomography research is combined with 
some sound transmission between each sound station. High power sound source is needed for 
shallow water sound wave propagation, as the acoustic signal is received before complicate 
boundary reflection. Underwater acoustic tomography research also has high requirement of 
sonar sensor, the transmitter and receiver need to be Omni-direction. The arrivals cannot be 
received is the directional of receiver is too narrow. Meanwhile, all direction transmitting 
assure sound waves propagate to all sound stations in the sensing network. The acoustic 
tomography system used in small scale flow detail sensing has high requirement of hardware. 
The time synchronise is also achieved with GPS signal, it can also use the timing system in 
computer for the integrated system. The frequency of sound waves is much higher in the small 
scale underwater acoustic tomography, which bring high time accuracy. The resolution of the 
reconstructed result in the acoustic tomography also depend on time accuracy besides number 
of sound stations. High frequency sound transmission also brings high requirement to hardware 
system in the acoustic tomography research. The speed of control system needs to be much 
faster and the working frequency of sonar sensors needs to be higher. As the M sequence sound 
wave is broadband signal, the working bandwidth of sonar sensors need to be wide enough. As 
small-scale flow detail sensing is normally conducted with point measurement in the laboratory. 
The successful use of acoustic tomography at these smaller scales motivated this study which 
seeks to apply underwater acoustic tomography in an experimental basin for the first time. 
Details of the flow in the tank is normally obtained by discrete point measurement or small 
area mapping with ADV, PIV and ADCP. Direct measurement needs instrument to be installed 
within the flow, which will interact with the original field. The small scale underwater acoustic 
tomography, however, could map detailed flow fields in the whole region of the tank, which is 
suitable for ocean device testing. Small-scale acoustic tomography can be used for the flow 
details mapping in the experimental tank. The circular tank can also offer an ideal sound 
transmission bed as the sound channel is steady, sonar sensors can receive steady signal after 
boundary (water surface, tank floor and wave maker) reflection. The reciprocal travel time of 
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acoustic signal is different when it transmits along and opposite the flow current. Steady flow 
velocity can be measured by the acoustic signal travel time difference when the distance is 
fixed. The vertical layered flow current velocity can be reconstructed if the multi-path 
propagation signals that transmitted along the vertical slice between two stations are picked 
out. The horizontal flow details however could be mapped with multiple station networking in 
the interested area by acoustic tomography method. By constructing multi-station networking 
the acoustic tomography method could get much higher resolution mapping of parameter 
variation in the target area quickly compared with distribute measurement. The boundaries will 
have strong interact with propagating acoustic wave in the shallow water. Acoustic tomography 
is developed to small scale for flow detail profiling in this study. It is used for flow detail 
profiling in the circular experimental basin. This method is developed to much smaller scale in 
this study, more detailed mapping of flow velocity can be obtained with multi-station network. 
Meanwhile, two new underwater acoustic tomography systems are developed for the sound 
transmission in the basin, it will be presented in the following sections. 
2.5 Conclusion 
This chapter reviews recent development of small-scale fluid detail sensing methods, 
experimental tank technique, acoustics tomography and its signal processing methods. 
Simulation of fluid dynamic in the FloWave Facility are analysed to explore its flow conditions. 
Tomography method and its development in the flow parameter sensing is also introduced here. 
Acoustic tomography is an efficiency method for remote sensing of flow progress in different 
scales. Three-dimensional model of the FloWave is constructed using STAR-CCM+, flow 
condition in the circular basin is also simulated.  
Small-scale acoustic tomography experiment in this research is conducted in the circular 
experimental basin, FloWave Facility. The FloWave design and its application is of great 
importance to the ocean engineering device testing. It can simulate reproducible real ocean 
condition continuously by model scaling, which is a key procedure of ocean structure designing. 
To explore the working condition of this newly constructed testing facility sub-vane simulation 
of the inlet is used in this study, it offers a good direction of flow simulation in the experimental 
tank. The simulation shows that this circular basin can generate steady and repeatable straight 
flow, it offers a testing bed for ocean structure models. The flow conditions in the circular basin 




Flow velocity measuring methods and devices are discussed here, the acoustic tomography 
system is presented as a network sensing method of flow parameter especially. Acoustic 
tomography system uses multi-station networking for the flow detail mapping within the 
sensing network. The efficiency of networking sensing with acoustic tomography system is 
much higher than discrete measuring. Acoustic tomography can be used for field surveying 
and in experimental tank/basin testing. By installing sensors around interested area this non-
contact method allows for more accuracy profiling of steady flow without interrupting the 
original flow field. This method is particularly important when ocean engineering device is 
being tested in the experimental tank.   
The development of acoustic tomography technique is discussed in this chapter. Tomography 
method is used in many fields. Underwater acoustic tomography method that studied in this 
research is developed from ocean acoustic tomography. The development history of acoustic 
tomography for flow detail profiling is discussed in this chapter. The underwater acoustic 






Chapter 3  
Acoustic Tomography technique 
 
3.1 Introduction  
Underwater acoustic tomography can be used in the sea to measure the water temperature, 
profile the sound speed and to investigate ocean circulation patterns at different scales. 
Underwater acoustic tomography uses information about sound wave propagation between 
stations in an array to parameter variations. The method is best explained by considering a 
plane wave propagate through the water. As with light in air, underwater sound waves travel 
in a straight line when sound speed remains constant. The route travelled by sound rays 
becomes curved when the sound speed changes (e.g. with depth). It is important to know the 
sound speed distribution for real time ocean dynamic monitoring, as it’s the initial requirement 
of ray tracing. If the sound speed distribution is not known, however, ray tracing can be 
simulated. It is also possible to simulate sound wave propagation information (attenuation, 
absorption, reflection travel time and angle) in the water for experimental designs based on the 
sonar equation [122]. The sound wave model including travel time, phase variation and arrival 
angle data are used to solve inverse problems to determine the oceanographic parameters of 
interest.  
The acoustic tomography techniques in this study only focus on the flow velocity using travel 
time information from sound waves. Travel time based acoustic tomography is also widely 
used in geophysical survey work [123-125] and in atmospheric weather forecasting [126-129]. 
The transmitting stations use a single frequency sound wave with phase modulation. The 
receiving stations make use of pulse compression to improve both the SNR and the time 
resolution (see chapter 2). The travel time of sound wave that propagated along different ray 
paths can be used for flow details monitoring by solving the inverse problems. 
This chapter mainly deals with the forward and inverse problems of the acoustic tomography 
method. The path averaged flow velocity is discussed initially. By dividing the water into a 
number of layers at different depths, the layer averaged flow velocity can be determined. Using 
multiple transceiver stations, fluid flow patterns can be mapped in a horizontal plane by using 
grid-based methods.  A method for three-dimensional flow reconstruction is also discussed in 
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this chapter. In addition to describing analysis methods, sound propagation in sea water is 
discussed. Ray tracing is introduced for sound wave propagation simulation, a key technique 
for acoustic tomography research.  
3.2 Underwater sound wave transmission  
3.2.1 Sound speed 
Magneto-electric waves can only propagate for a very short distance in the ocean as water is 
an electrically conductive media. Losses occur as the magneto-electric wave propagates in 
water, as energy is transformed into thermal energy. Light, on the other hand, is absorbed and 
scattered by the water, preventing propagation over long distances. This makes acoustic waves 
the only practical way of propagating signals over long distances under water. Underwater 
sound, however, is used by marine mammals for detection, communication and navigation. 
While fish and shrimps use high frequency acoustic waves for short distance communication 
and target detection. Shipping is a major source of acoustic underwater noise, primarily from 
propulsion systems. These constraints effectively limit the frequency range that can be used in 
the ocean for acoustic tomography.  
The sound speed in water is about 1500m/s, which is about 4.7 times faster than in air. The 
sound speed at a specific location depends on the local pressure, temperature and salinity. 
Salinity is normally considered to be constant in a particular oceanic region, away from sources 
of fresh water. Pressure in water increases linearly with depth, 
0P P gz= + , where 
0 , ,P g  are atmospheric pressure above sea level, sea water density and gravity. All of them 
are treated as constant. The sound speed profile (SSP), therefore, could be presented as a 
function of temperature T ( C ), salinity S (psu) and depth D  (m):  Mackenzie’s formula [130] 
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The validity range of this equation is temperature 2-30 C , salinity 25-40 psu, depth 0-8000m. 
Sound speed is affected by water temperature ( 1 4 /C m s  ) , salinity 




Figure 3.1: Temperature, Pressure and Sound speed profile in the deep ocean [131]. 
Seawater temperature varies significantly with depth as shows in Figure 3.1 (a). Sound speed 
profile is divided into 4 layers: surface layer, seasonal layer, thermocline layer and the deep-
water layer. Surface and seasonal layers form a mixed zone that affected by waves, tidal and 
wind driven currents and sunlight. Bellow this layer is the thermocline, where seawater 
temperature decreases rapidly. In the deep-water layer seawater temperature is quite low and 
assumed to be constant ( 4
o
C  ) [132]. In the deep-water region the sound speed is mainly 
influenced by pressure, increasing with depth. Daily changes in weather conditions have a big 
effect on the surface layers. The thermocline itself is a kind of ocean weather whose strength 
and depth vary in time (and space).    
3.2.2 Sound wave propagation 
Sound speed is an important factor for sound waves propagating in water. When a sound 
wave is transmitted through different water layers at an angle, 
i , it propagates according to 
Snell’s law [133],  
 
( ) ( ) ( ) ( )31 2 4
1 2 3 4
coscos cos cos
constant
c c c c
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= = = =   (3.2) 
where ci is the sound speed in the i
th layer. 
 
Figure 3.2: Sound wave refraction in the water. 
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As figure 3.2 shows, the increase in sound speed with depth, i.e. 
1 2 3 4c c c c   , leads to a 
decrease in the sound transmitting angle, so 
1 2 3 3
       .  
When acoustic waves propagate in an incompressible medium, they can be modelled using 









  (3.3) 
where  is the acoustic wave pressure, ( ) ( ) ( )2 2 2 2 2 2x y z =   +   +    is the 
Laplacian operator and, c  is the sound speed. In deep water this is normally combined with 
Snell’s law. 
For a single frequency plane wave, the sound pressure can be written as a harmonic wave: 
 
i te  − =   (3.4) 
where   is the time independent sound pressure,   is the angular frequency, 2 f = , 
and f  is the frequency of the sound wave. Inserting this harmonic wave in equation (3.3) we 
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The Harmonic wave can be written in three ways: 
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  (3.6) 
In the first equation (3.6a), water pressure is presented as a multiply of amplitude ( ), ,F x y z  
and harmonic waves with range dependent phase function ( , , )G x y z . Ray theory discussed 
below is obtained by substituting (3.6a) in (3.5) and solving the Helmholtz function. Normal 
Mode, Multipath Expansion and Fast Field Models [134] are obtained by solving (3.6b). 
Finally, Equation (3.6c) leads to a Parabolic Equation (PE) model solution of the Helmholtz 
function. So-called PE models make use of this parabolic approximation of a sound wave. 
For ray theory, the Harmonic wave can be rewritten as: 
 ( ) ( ) ( ), i t rr r e    −=   (3.7) 
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where ( ), ,r x y z=  is a function of position, ( )r  is a slowly varying pressure envelop 
function that is affected by attenuation and geometrical spreading, ( )t r  is a fast changing 
phase function, known as the Eikonal. High frequency approximation is considered with the 
assuming of ( ) ( )2 2r r k  [ 133,135]. Considering real part and imaginary part of 
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To get solution of Eikonal Equation one need solve the equation given by [136]: 
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where s  is the travel distance of sound wave and 1 c =  is sound slowness. The initial 
condition for sound wave propagation is: 
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where 
0c , 0z  and or   are sound speed and position at source position, 0  is launching angle 
of sound ray. 
By considering boundary condition and initial environment at source position sound ray tracing 
can be conducted by solving the Eikonal Equation in water. In the Gaussian Beam 
approximation, the amplitude of the rays is given by solving Transport Equation [135]:  
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where ( )p s , ( )q s⊥  and ( )q s  are auxiliary function, they are derived by solving equations 
around sound axis [137], the auxiliary parameter determines the width of Gaussian beam. n  is 





3.2.3 Ray tracing  
In deep sea, there has a depth (at 1000-1500m) that the sound speed is minimum. That depth is 
the sound SOFAR (Sound Fixing and Ranging) axis. When the sound wave propagates along 
SOFAR axis it will be trapped in the channel. The sound wave can transmit for a long distance 
with small attenuation as it has few interactions with surface and sea floor.  
As shown in Figure 3.3 the SOFAR axis is at 1300m for the Munk sound speed profile (SSP) 
[138].  
 
Figure 3. 3: Munk SSP in the deep sea. The SOFAR axis is at a depth of 1300m. 
Sound wave propagation simulation is of great importance for ocean research. There exist 
several mathematical/numerical models based on different approaches [129]. Many of the most 
used models are based on ray theory, modal expansion and wave number integration techniques. 
Ray theory is widely used in range independent sound propagation simulation. After 
continuous developing there exists many ray tracing models, some of them focus on specific 
applications, and other models however are more general. The ray tracing simulation in this 
research all uses TRACEO, which developed by OC Rodrıguez in University of Algarve [135]. 
This ray tracing method is partly developed based on Bellhop ray tracing model [137]. The 
TRACEO model can better process sound wave propagations in following conditions: sensor 
array is used in the simulation, obstacle exists in the sound wave propagation domain, rang-
dependent boundary conditions.   
As shows in figure 3.4 sound wave launched with an angle and transmit in ocean with refraction 
effect. Supposing a target (marine mammal) sends sound waves at the source position, a 
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detecting ship moving across the sea surface from 0 to 100km will only be able to detect the 
animal at specific positions. In this case the target may be detected at 10km, 50km and 70km 
away from sound source. If an active sonar was used in the source position, targets (submarine 
and military ships) cannot be detected if they hide in the shadow areas. Sound speed profile is 
range dependent over a long distance. Range dependent sound speed profiles must be used for 
ray tracing simulations in field work and for sound wave propagation over long distances. The 
CTD data can be found on some website or measured by oceanographer.  
 
Figure 3.4: Sound transmission loss in deep sea with the Munk SSP. The sound source is 
deployed at the sound channel, number of colour bar indicate source level in dB (re µPa at 1m). 
In the sound wave propagation simulation, all the transmitted sound rays that can be received 
at receiver station are eigenrays. Exhaustive method is always used by dividing the transmitted 
sound waves into a range of rays with different launch angle. Eigenrays can be found after 
numerically calculate of each transmitted acoustic ray based on sound wave propagate theory 
that discussed in former section. The sound ray is assured as eigenray if it propagates along 
receiver, it always has litter error tolerance. As shows in figure 3.5, two sound transceivers are 
installed around SOFAR axis (1300m and 1200m separately) with a distance of 10km. Four 




Figure 3.5: Eigen-ray transmission in the deep sea. The transmitter and receiver are deployed 
at 1300m (sound propagation channel) and 1200m with a distance of 10km. 
 
Figure 3.6: Travel time and arrival angle of different Eigen-ray. 
Peak matching method can be used after receiving sound wave data from sound source. Sound 
wave phase, arrival angle and signal strength are all information that can be used for peak 
matching. Figure 3.6 is an example of arrival angle and travel time of different Eigen-ray that 
propagate along different ray path. The information used here is travel time of different signal. 
The received data will contain arrival signals propagate along different ray path. By ray tracing 
simulation, the arrival signal can be identified according the real travel time and simulated 
result. There may has some error as the simulated result is not absolutely accurate as the water 
environment is not steady.  The travel time of sound wave can be used for inverse problem 
solving in the acoustic tomography research. 
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3.3 Sound Reciprocal Transmission 
When short sound pulse propagate in flowing water between two transceivers the travel time 
is determined by the sound speed c   and the current velocity v along the path. Reciprocal 














  (3.14) 
Where v  is the component of the current velocity that has same direction of the sound 
transmission path; L  is the distance between the transceivers.  
 
Figure 3.7: Sound reciprocal transmission in river. Two sound transceivers are installed in 
opposite bank with a distance of L  , the angle between flow current direction and sound 
transmission path is  . 
The measured sound speed in the water mc  is normally about 1500m/s, the measuring flow 
current velocity mv  along sound wave propagate path is small relative to the sound speed. 
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where ( ) 2mt t t− += +  and t t t− + = −  are mean and differential of the reciprocal travel time 
respectably. The angle between sound wave path and flow direction is  (figure 3.7), flow 








=   (3.17) 
As equation 3.1 shows, sound speed is a function of temperature, depth and salinity. Depth 
averaged temperature along ray path is fixed when salinity, sound speed is obtained. Thus, 
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path averaged water temperature in all depth is determined combining equation 3.16 and 
equation 3.1.  
3.4 Flow velocity analysis with sound wave transmission  
3.4.1 Forward problem 
As discussed in this chapter, sound wave can propagate a long distance around sound axis in 
deep sea. Figure 3.8 presents a side view of an example of sound wave transmission in deep 
sea. Two transducers are deployed in ocean with a distance of  L  , the angle between sound 
ray path and horizontal axis is  , flow velocity along ray path is sv . Sound speed 0C  is 
affected by ocean environment with a variation C  .  
 
Figure 3.8: Side view of sound reciprocal transmission in deep sea. Two sound transceivers 
are installed in deep sea with a distance of L  , the sound speed is affected by sea water 
parameters. 
Travel time of sound wave along real ray path 
i
   is  
 











  (3.18) 
Where   indicate sound wave transmit along and opposite the direction of T1 to T2. ( )0C z  
is range-independent sound speed, ( ),C x z  sound speed variation and ( ),xv x z  is flow 
current along and opposite ray path from station T1 to T2. 
Sound wave is transmitted from one station and received by receiver after a long-range 
propagation in water. In the field work, it’s impossible to get the real sound ray path.  Ray 
tracing simulation is chosen as an alternative way. Sound speed profile is calculated with CTD 
measurements around source for the range independent case. The simulated sound wave 
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Where 0i  is simulated ray path with acoustic propagation programming. 
Sound speed is relatively much larger than sound speed variation and flow velocity along ray 
path ( ( ) ( ),oC z C x z  and ( ) ( )0 ,sC z v x z ). By taking subtraction of equation (3.18) and 
(3.19) and using Taylor expansion, the difference of travel time of sound wave and simulated 
result is  
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  (3.20) 
High order Taylor expansion term is neglected here. Simulated ray path is similar with real 
sound wave propagation path, 
0i i
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The subtraction and summation travel time are the input information of acoustic tomography 
inverse problem. In the following content, flow details are reconstructed by acoustic 
tomography method using round way travel time difference i  .  
3.4.2 Horizontal flow current velocity reconstruction using sound travel time 
For incompressible flow, velocity in horizontal plan can be expressed by the stream function, 
 [ 139-140]:  
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  (3.24) 
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The stream function can be expanded by Fourier series:  
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Where klA  and klB  are Fourier coefficient, xL  and yL  are size of inverse domain. To avoid 
periodicity of the Fourier series, the inverse domain should be larger than observation area. 
N  determines the wave number of stream function, it is chosen according observation data 
and spatial requirement of inverse result.  Equation (3.27) can be rewritten as: 
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Project ray path to horizontal plan and substitute equation (3.28) to (3.22), the round way 
travel time difference is  
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Where iR  is the distance between two sources along x  axis, i is angle between  x  axis and 
thi  ray path. The travel time can be reduced as  
 
 = +y Ex n  (3.28) 
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The error vector n  is introduced by time taking and random error, it also contains model 
error that caused by truncated Fourier series number and limited measurements.  
To determine the unknowns, a damped least squares method is used to balance the model 
parameters and the error. The objection function could be given 
 ( ) ( ) 2 ,
T TJ = +y - Ex y - Ex xx   (3.29) 
The   is the weighting factor. The expected solution x    is found by minimize the objection 
function J   
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 ?̃? = 𝑬𝑇(𝑬𝑇𝑬 + 𝛼2𝑰)−1𝑬𝑇𝒚  (3.30) 
The solution of (3.30) is layer averaged velocity in the ray path slice. 
3.4.3 Vertical layered inversion 
Flow detail can be analysed in different depth layer using multi-path propagation acoustic 
signals. The vertical slice of ray path can be divided into different layers. Travel time of sound 
rays pathing through different layers is used for inverse problem solving. Considering the flow 
current estimating, travel time of round-way transmission signal is used in this research as input 
information. 
Figure 3.9 shows a shallow water sound wave propagation example. Two acoustic transceivers 
are deployed in a depth of 25m and 75m separately, 1000m apart. The 100m depth water is 
divided into 5 layers, 20m for each layer. Sound speed is treated as constant in this simulation. 
Multi-path propagation appears in this case as water depth is shallow and transmitted signal 
reflected by water surface and sea bed. The multi-path propagation signal can be used for 
vertical layer averaged velocity reconstruction. 
 
Figure 3.9: Eigenrays in shallow water. Sound source and receiver are at a depth of 25m and 
75m separately, sound speed is 1500m/s of all depth. 
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The jc  is the path-average sound speed for j-th layer, and the sound speed is taken uniform for 
the whole depth in this study. The ju is the flow velocity for j-th layer. The ijl is the length of i-
th ray crossing the j-th layer. 
The flow velocity is small compared to the sound speed in water. Thus, the reciprocal travel 
time difference it is expressed by   
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  (3.33) 
Considering the travel time errors n , Equation (3.33) is reduced to 
 
 = +y Ex n   (3.34) 
where y is the travel time difference vector, E is the transform matrix and x is the layered 
current vector. 
According to the regularized inverse method, the cost function is 
 ( ) ( )
T T TJ = − − +y Ex y Ex x H Hx   (3.35) 
Where   is the Lagrange multiplier, superscript T  is the transpose of a matrix. H is the 
weighting matrix to regularize the solution. By minimizing the costing function the optimal 
solution x  is  
 ( )T T T= +x E E H H E y   (3.36) 
The solution of (3.36) coefficient is truncated Fourier series. The stream function is obtained 





3.5 Three-dimensional flow detail reconstruction within the whole area 
Surface wave can be monitored by remote sensing with radar, high speed camera and satellite. 
Inner flow details in water is always detected by fixed point direct measurement or floating 
buoy. As discussed in former content, sound wave is the only found medium that can propagate 
a long rang with small attenuation in water. The 2D flow details can be obtained with acoustic 
tomography method, which use travel time of sound wave as input information. The flow 
velocity can be mapped by solving inverse problems. The three-dimensional flow details, 
however, can also be monitored with acoustic tomography technique. Flow detail monitoring 
of a water volume can be accomplished by combining vertical layered analyse and horizontal 
2D mapping of target parameter. Flow velocity is analysed in different layer in the ray path 
slice. The flow velocity detail in different layer can be mapped using layer averaged velocity 
along each ray path. 
 
Figure 3. 10: Scheme of three-dimensional acoustic tomography research. Layered averaged 
velocity of flow current in vertical slice is analysed, flow details then can be reconstructed in 
different layers. 
As shows in figure 3.10, the interested water volume is divided into 5 layers. Four acoustic 
tomography stations are installed in the middle of 4th layer around target area. 6 sound 
propagation route slices are formed for this multi-station sensing network. Take the vertical 
slice that contain T2 and T3 as an example, multi-path arrival signal can be received at both 
station. As shows in section 3.4.2, layer averaged flow velocity can be acquired by solving 
inverse problem in slice that contain station T2 and T3. Layer averaged flow velocity of all 
those 6 vertical slices can be used for horizontal flow detail reconstruction. The assimilated 
sound wave round-way travel difference is determined by layer averaged flow velocity and 
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travel distance.  As shows in section 3.4.3, sound wave travel time is used as input information 
for the travel time in the acoustic tomography research. In each layer, the flow velocity can be 
mapped with acoustic tomography method. The three-dimensional mapping of flow velocity 
in the interested area is obtained with 5 horizontal mapping. 
For three-dimensional acoustic tomography research, flow details in each layer is mapped using 
sound wave travel time along different ray paths. To get better sensing result passive acoustic 
tomography [102,136,141-142] can also be used in the three-dimensional ocean parameter 
sensing. For the deep-sea acoustic tomography sound source and receiver are deployed around 
sound axis, it’s difficult to transmit received data to onshore station. By adding time domain to 
the three-dimensional mapping of ocean parameter, the real-time sensing of ocean progress can 
be accomplished. If acoustic tomography station can communicate with onshore station with 
radar or satellite, the real-time acoustic tomography measurement can also be used in ocean 
environment forecasting. The real-time monitoring of flow details can also benefit to model 
testing in experimental tank, which is a main target of this research.   
3.6 Underwater acoustic tomography system  
 Like normal sonar system this underwater acoustic tomography system also contains two part: 
dry and wet part. The underwater acoustic tomography presents here mainly consist of three 
parts: power supply, central control system and the high frequency broadband transducer 
(figure 3.11). The transceiver is wet part, control system and power supply are dry part. The 
self-contained deep-sea acoustic tomography system that being developed by Hiroshima 
University put all three part in one glass ball. All parts of the system can be treated as wet part 
in this case. The main difference between this system and coastal acoustic tomography system 
is the working frequency. Short distance sound propagation uses high frequency sound waves 
for much higher time resolution. Low frequency sound wave can be received after long distance 
propagation in ocean. In the small-scale flow detail sensing research time accuracy is of great 
importance. Transducer is chosen according to the frequency of sound wave. As this study 
mainly explore small scale flow details in experimental tank, high frequency transceiver is used 
in the new system. The underwater acoustic tomography is developed based on the coastal 
acoustic tomography system that designed in Hiroshima University. This system modifying 




Figure 3.14: Newly constructed underwater acoustic tomography system. It mainly consists of 
central control system, power supply and high frequency broadband sonar sensors. The system 
receives GPS signal for time synchronize, this signal can also be used for station positioning. 
3.6.1 Control system 
The acoustic tomography system used in this study is a modified based on coastal acoustic 
tomography system that originally designed by Hiroshima University [27,31,118]. The system 
is powered by a 12V power supply, while the acoustic sensor is powered with 24V. GPS signal 
is used by the systems for time synchronisation. In the laboratory environment a GPS repeater 
can be used to provide a signal inside the building.  Besides, sound station positioning also use 
GPS signal in the open water experiment. The originally transmitted signal and received raw 
data are all stored in the central control system on a high-speed memory card.  It shows the 
block diagram of the acoustic tomography system in Figure3.12.  The system can be controlled 
with PC by Bluetooth of cable, a LAN port is reserved for this using. System transmit 
modulated sound wave through transmitter after power amplifying. Sound wave is received by 
receiver after propagation in water. The received raw data is modulated with transmitted sine 
sound wave and stored in the system. The system can also transport received data to onshore 




Figure 3.15: Block diagram of the underwater acoustic tomography system. Sonar sensor is 
fixed in the left red box. The system received signal is separated into two channels. GPS 
antenna is used in the system for time synchronise and station positioning. 
 
Figure 3.16: Circuit of the acoustic tomography system. It mainly contains transmit matching, 
power board, U-Blox, amp board and main board. Bluetooth board is also used in this system 
for remote controlling.   
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The time resolution is determined by the frequency of the carrier wave. High frequency sound 
wave must be used to get sufficient time resolution over short distances. Meanwhile, the 
attenuation of sound wave increases quickly with high frequency. This is the reason for low 
frequency sound transmission in ocean for the large-scale acoustic tomography research. The 
newly constructed underwater acoustic tomography system is developed based on the coastal 
acoustic tomography system. Except for using new high frequency broadband sonar sensor, 
this new system also modifies the control system for higher frequency. The transmit power 
(figure 3.13) transfer is changed based on the performance of the chosen sonar sensor. As 
shows in figure 3.13, the arriving sound wave is received with receiver. The raw data is divided 
in two channel and multiplied with transmitted sine wave and phase shifted sound wave. Those 
data are stored in the system after low pass filter. The low pass filter in the control system is 
changed as it has different cut-off frequency for the high frequency acoustic tomography 
system. The sampling frequency for the new system is much quicker than normal acoustic 
tomography system. Much higher processing speed is required of the main control system, the 
speed of main board is of great importance in the system. The hardware system for the small-
scale acoustic tomography research is also modified based on the requirement of the chose 
transceiver, DualSense 115, which will be presented in the following section. 
3.6.2 Sonar sensor 
Sound wave is up to now the only founded media that can be used for long distance propagation 
in water. Like using radar for communication and target detecting in air. Sound wave is a 
popular language for the underwater world. Plenty kinds of marine mammals use low 
frequency sound wave for long distance communication. Sonar is used for underwater sound 
wave transmitting and receiving, it is a device that needed for ocean surveying. Sonar is the 
acronym for SOund NAvigation and Ranging, it is used for underwater target detecting, 
navigation, communication and ocean surveying. Sonar system mainly contain sound 
transmitter, receiver, control system. The central control system can not only maintain the work 
progress of the sonar system, it also transmitted sound wave and the received acoustic signal. 
Sound speed in water is about 1500ms-1, which is much quicker than that in air. Take a simple 
example, sound waves are transmitted with sonar. Transmitted sound wave reaches a target and 
bounced back, the echo sound wave is received with sonar. The distance between sonar and 







Figure 3.17: The working principle of active sonar (a) and passive sonar (b) system. Active 
sonar use target echo wave as input information by transmitting sound wave in water. The 
passive, however, get information by detecting radiate noise of target.  
According to the working intention and its function sonar system can be divided into two types: 
active sonar and passive sonar. Figure 3.14 shows the typical active sonar (figure 3.14 (b)) and 
passive sonar (figure 3.14(a)) system. The biggest difference between active sonar and passive 
sonar is whether the sound energy is transmitted out in water. Active transmit sound wave or 
pulse into water. It listens to the echo wave and use the received acoustic signal for navigation, 
target detecting and so on. Passive sonar, however is a listening device that only receive sound 
wave that produced by other products. Passive sonar doesn’t transmit sound wave in the water 
environment, it thus doesn’t disturb the marine life. It always used in the submarine for military 
intention. The direction and distance of the target can be founded when hydrophone array is 
used for passive sonar system. Meanwhile, the frequency spatial of different target is also not 
same. Passive sonar can be used for marine mammal detecting by analysing the frequency of 
received “voice”. Passive and active sonar is always used together for combined detecting in 
ocean engineering systems. This underwater acoustic tomography system uses sonar 
transceiver for sound wave transmitting and receiving, it is a kind of active sonar system.  
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The received acoustic signal should be with enough strength after a long-distance propagation. 
Sound energy loss for underwater sound transmission mainly contains geometric spreading 
loss, absorption loss, reflection and scattering. Acoustic energy is spread over a surface, the 
surface will become much larger as it propagates as the total energy is fixed after a sound wave 
is transmitted. The energy density will decrease with sound propagation, this process is the 
geometric spreading loss of sound propagation. As a media, water will absorb energy of sound 
wave when it transmits through it. Meanwhile, sound wave will be reflected and scatted in 
water. The most important factor that impact the sound transmission is the frequency of sound 







2.75 × 10−4𝑓2 + 0.003  . As shows in table 3.1 sound energy decrease rapidly with the 
increase of frequency. 
Table 3.1: The distance it takes sounds of different frequencies to travel in the ocean before 
half of the sound energy is absorbed [143]. 







This new small scale underwater acoustic tomography system uses the DualSense 115 
transducer as sonar sensor. This producer is a broadband transceiver that can not only used to 
transmit sound wave and it can also receive the arriving acoustic signal with high sensitivity. 
It can transmit sound wave in a large range (10 Hz to 150 kHz), which is needed for acoustic 
tomography research as the transmitted sound wave is modulated to broadband. Another reason 
for choosing this transducer for the system is its Omni-direction character (table 3.2). This 
transducer can transmit and receive sound wave in all directions. It can be used in the multi-





Table 3.2: The parameter of Dual Sense 115 transducer. It is used in the small-scale flow 
detail profiling in the underwater acoustic tomography system. 
Technical specification 
Nominal resonant frequency 115kHz 
Receiving Sensitivity @116kHz -204 dB re 1V/uPa 
Recommended receive frequency range 10Hz-150kHz 
Linear frequency range 10Hz-75kHz 
Maximum acoustic input @116kHz +250 dB re 1µPa 
Transmit sensitively @116kHz  +150 dB re 1V/uPa 
-3dB bandwidth 22kHz 
Quality Factor  5.3 
Recommended transmit frequency range 85kHz – 120kHz 
Maximum source level @ 116kHz +196 dB re 1µPa/V at 1m 
Maximum applied voltage at resonance 200Vrms 
Low Frequency capacitance (@ 1kHz) 11nF 
Horizontal beam pattern Omni-directional +/- 1.5 dB at 75kHz 
Vertical beam pattern >270° 
Mechanical specification 
Dimensions Maximum outer diameter 25mm, Length 61mm 
Transducer head weight in air Approximately 40g 
Transducer head weight in water Approximately 30g 
Maximum recommended operating depth 1,000 m 
Survival depth 2,000 m 
Operating temperature range -5 to +35°C 
 
3.6.3 Acoustic signal 
Sound wave is used in the underwater target detection, communication and navigation with 
sonar system. Suitable kind of sound wave is of key importance to the performance of sonar. 
The sound wave propagation in ocean environment is affected with ambient noise that brings 
with boating, fish, marine mammal, surface wind, rain, geography activity and other ocean 
livings. The mixed noise is sometime treated as white noise for simplify. White noise is 
broadband signal, whose power density is constant and spread in all frequency range. The white 
noise has no correlation with efficient signal and its auto-correlation is a sharp pulse, which 
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means it has ideal auto-correlation. White noise can be produced with simulation and it exist 
in real environment. The ideal white noise cannot create by any sonar sensor as there has 
working frequency band for all sonar sensor. The white noise is an ideal signal for multi-station 
network sensing by using correlation. Pseudo noise, however, is a good choice for signal 
identifying. This underwater acoustic tomography system needs use high SNR signal for travel 
time identifying. Meanwhile, the multi-station sensing network has high requirement of 
acoustic signal used in this research. The received signal from different station need to be 
identified and separated. Acoustic signal used in the underwater acoustic tomography system 
here is M sequence modulated high frequency sound wave.   
 
Figure 3.18: Phase modulation of M sequence signal. Two cycles of sine wave are multiplied 
in one digit, 5 order of M sequence is used here. The carrier wave (sine wave) is phase 
modulated with M sequence. 
Maximum length sequence (MLS) is a kind of pseudorandom binary sequence, it is also named 
as M sequence. This sequence is created with linear feedback register, its bit is generated with 
shift of register. The sequence is repeatable, the period of this sequence is 2 1m −  if the number 
of registers is m . Figure 3.15 Shows a progress of M sequence modulated sound wave, the 
order of this M sequence is 4 and the modulate depth (cycle per digit) is 2. 
Since the received signal will be mixed with ambient noise a pseudo-random M-sequence is 
used to modulate the carrier signal, which provides a strong anti-interference ability to the 
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acoustic signal. It can be shown that the signal to noise ratio (SNR) of nth order M-sequence 
phased signal increases 2n-1 times. Precisely travel times can be estimated using correlation of 
received data and transmitted M-sequence modulated signal. This is because the auto-
correlation of an M-sequence modulated signal appears like an impulse response. Figure 3.16 
and figure 3.17 Shows the correlation of 10th order M sequence modulated sine wave, the 
modulate depth is 2. Two M sequence signal S1 and S2 are of the same order and the amp of 
noise is also same as M sequence used in this simulation. It shows M-sequence signals have no 
correlation with ambient noise and cross-correlation between two M sequence is also very low, 
which can be neglected. M sequence modulated signal is suitable to Multi-station network, 
where one station can receive signals from all other stations in the network without overlapping. 
The sound wave is modulated with M sequence, whose frequency band is broadened with phase 
modulation. This progress brings a strict requirement of sonar sensors, especially for 
transceiver. The sonar sensor is normally designed as sound transmitter (sound source) or 
receiver. The sensitivity of the sonar sensor is of great importance four sound transmission and 
receiving. The bandwidth of M sequence is 25 kHz if the central frequency 0f  is 50 kHz and 
the modulate depth Q  is 2 as the frequency band of M sequence sound wave is 0f Q [ 144]. It 
will be difficult to find suitable transceiver for the M sequence sound wave transition and 
receiving. The transmission and receiving sensitivity are a big restrict for broadband sonar 
sensor. Broadband transceiver is needed for the underwater acoustic tomography system. There 
will has distortion for long distance transmission of broadband signal in water, especially in 
shallow water. Sound wave is reflected by water surface and bottom, with has different 
feedback to each frequency. Single frequency sound wave can propagation long distance, the 
performance will be much better if the frequency is low. That is why researchers choose large 
Q number for M sequence in ocean acoustic tomography research. Time resolution is 





Figure 3.19: The auto-correlation (a) and cross-correlation (b) character of M sequence 
modulated signal. No correlation peak appears of different M sequence, two signals are of same 
order. 
 
Figure3.17: The robust of M sequence. An M sequence signal has no correlation with noise 
and other M sequence signal. The strength of noise is same as M sequence signal. 
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3.6.4 Sound transmission in the circular experimental basin  
The acoustic tomography method is normally used for large scale flow condition or water 
parameter monitoring for recent researches [21,145-147]. This research is for the first trail to 
use the acoustic tomography method in small scale test, experimental tank, for flow current 
monitoring. To explore the performance of acoustic tomography in the short distance sound 
wave transmission a pilot test was conducted in the experimental tank before the acoustic 
tomography experiment. The acoustic tomography system is used in this experiment for sound 
transmission within 25m. The intention of this experiment is to study the sound propagation 
characteristics in the tank.  
A pair of transceivers were installed 0.5m below the surface with a distance of 23.275m (Figure 
3.18). The depth of the water in the experimental area is 2m. Fresh water is mixed in the 
circulatory system in the shallow experimental basin, the sound speed thus is taken as a 
constant here. The sound rays will interact with the boundary in the shallow water. The bottom 
of the tank is flat and the surface is also taken as a flat plane. The sound sensor is controlled 
with acoustic tomography system, which manages the testing progress. The received acoustic 
signal is pre-processed with acoustic tomography system and stored in SD card in the system. 
GPS signal is used for positioning of acoustic stations in the open water acoustic tomography 
research. Small scale sound transmission has high enquiry for the time accuracy, GPS signal 




Figure 3.18: Experiment design scheme for the reciprocal sound transmission. The CAT 
system uses GPS signal for time synchronize.  
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(a)                                                                     (b) 
 
Figure 3.19: sonar sensor used in this experiment. The broadband transceiver is fixed to a bar. 
The bar is inserted to the gap of vanes.        
Two broadband acoustic transceivers are fixed on a bar facing bottom of the basin (figure 3.19). 
The Omni-direction sonar sensor can transmit sound waves in all direction with same strength, 
which is of key importance to multi-station network sensing. It can assure all other stations to 
receive sound waves from the transducer. The transceiver cannot only transmit sound waves in 
all directions and can receive multi-path propagation signals. The first arrival signal is from 
direct propagation in the short distance sound transmission experiment. Boundary reflections 
will also be received by Omni-direction transceivers. The multi-path propagations can be used 
in vertical flow detail profiling. Meanwhile, the flow progress in the whole water column can 
be monitored by using all the received acoustic information, which will be discussed in the 
following chapters. 
The sonar sensor is controlled by acoustic tomography system for sound wave transmitting and 
acoustic signal receiving. It is connected with the system with electric cable. Power supply of 
the transceivers and acoustic tomography control system are 24V and 12V separately. The bar 
is fixed to the working net of FloWave facility, it is inserted in the gap of two neighbouring 




Figure 3.20: Correlated result of received data and transmitted signal. Only ambient noise was 
recorded before 0.015s. Multi-path transmitted signal was received at the range of 0.015-0.035s 
(in the red box).        
 
Figure 3.21: Different arrival signals propagated from different ray path (zoom in of peaks in 
the red box of Fig.3.20). Boundary reflected signal were picked out by peak searching. 
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The 12 order M-sequence modulated acoustic signal was transmitted in turns with an interval 
of 1min. The central frequency of the signal is 20 kHz and sampling frequency is 40 kHz. Two 
cycles of sine wave are treated as one digit in the M sequence signal. The received acoustic 
signal is pre-processed and stored in the acoustic tomography system. The received data was 
correlated with the transmitted signal (Figure 3.20). Only ambient noise was recorded before 
0.015s. The ambient noise level in the tank is about 2dB when the 0.8m/s steady flow is 
generated. Acoustic signal can be used in this experiment was received at the range of 0.015-
0.035s (within red box of Figure 3.20). The following signal still contain boundary reflected 
sound waves, which can be used in more detailed analysing. It is out of the range of this 
research. The SNR of received acoustic signal reaches up to 6.5dB, it shows the noise 
suppression character of M sequence. Boundary reflected sound waves are also received with 
sonar sensors except for direct arrival signal. The arrival peaks can be identified with mirror 
reflection theory and ray tracing programming. Travel time of sound wave in water is 
determined if the travel distance is determined as sound speed is constant. The effect of flow 
current to travel time is neglected in arrival peak identifying. The multi-path propagated signal 
was Labelled as follows, D: direct arrival; B: bottom reflection; S: surface reflection; BW: 
backward wall reflection; FW: forward wall reflection; SW: side wall reflection. The direct 
arrival signal is combined with surface reflected signal due to the relatively low time resolution. 
As the sonar sensors are installed at the same depth the direct arrival signal can be used for 2D 
horizontal slice flow current velocity mapping for the multi-station network. Surface and 
bottom reflection signal path through the whole depth range in the tank, the travel time for 
these ray path could be used for the vertical layered current analyse. The sound wave will also 
be reflected at the vertical wall (green arrows in Figure 3.21), the wall reflection signal was 
picked out by ray tracing. High frequency sound waves are transmitted in the basin and they 
are received after short distance propagation. The strong boundary reflection makes multi-path 
propagation signal received with two acoustic stations. The M sequence modulated sound wave 
assure high SNR at the receiving station. This trail demonstrates that sound transmission in the 
experimental basin with the acoustic tomography system is possible. The frequency of sound 
waves is of great importance to the time accuracy, which determine the resolution of 
reconstructed result. Omni-direction transceiver is needed for multi-station sensing network. 
Meanwhile, the acoustic tomography system is tested in the short distance sound wave 
transmission, it is normally used in coastal area. The modified underwater acoustic tomography 
system can be used in small scale flow detail profiling. 
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3.7 Conclusion  
The basic theory of underwater acoustic tomography method is introduced in this chapter. 
Sound speed profile in the interested area is calculated using water temperature and salinity at 
different depth. Sound propagation simulation is conducted with ray tracing to determine 
transceiver depth and distance using sonar equation. Round way transmission time of sound 
wave along ray path is used as original information for inverse problem. Flow details in 
horizontal plane and vertical slice can be reconstructed by solving the inverse problem. 
Underwater acoustic tomography method is also presented in this chapter. Compared with 
coastal acoustic tomography system and ocean acoustic tomography, the underwater acoustic 
tomography system uses higher frequency acoustic signal for small scale flow detail 
charactering. High-frequency acoustic tomography system are constructed based on coastal 
acoustic tomography system that developed in Hiroshima University for small scale flow detail 
profiling. Higher time resolution makes it much easier for multi-path propagation signal 
identifying. The steady multi-path propagating acoustic signal shows a steady sound channel 
in the testing area, the stability is verified for the continuous steady transmitting. The acoustic 
tomography system is used in the circular basin for sound channel testing. Steady acoustic 
signal is received in the round way sound wave transmission experiment, which show the basin 
is suitable for short distance sound transmission. 
According to flow details obtained in the experiment the parameter sensing can be divided into 
five different dimensions: 
▪ 0D: fixed point direct measurement of flow velocity 
▪ 1D: path averaged sensing of flow velocity with sound wave reciprocal transmission or 
depth averaged flow velocity along sound propagate path.  
▪ 2D: layer averaged analyse of flow current in the vertical slice; flow detail plotting in a 
vertical slice using grid method; reconstruct the flow details in a horizontal plane.  
▪ 3D: water parameter sensing in water volume by combing 2D horizontal and vertical 
analyse.  
▪ 4D: real-time monitoring of flow details in interested water volume area.  
Real-time monitoring of water parameter is a hot topic for acoustic tomography research [148], 
especially in the ocean environment remote sensing. Besides flow current reconstruction, water 
temperature and sound speed distribution in target area can also be monitored with acoustic 
tomography method. Ocean acoustic tomography is proposed firstly for mid-scale sea water 
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temperature sensing [11,97,149]. Flow detail sensing research will be discussed in the 





Chapter 4  
Remote sensing of tide flows in the Bali 
strait: an application of coastal acoustic 
tomography system in the field work  
 
4.1 Introduction 
The Indonesian Sea is an important link of Pacific and Indian Ocean, it offers a channel for 
water volume and heat transport [150]. The Indonesian Throughflow (IFT) however is part of 
ocean flow current recirculation, which affect global climate. Sea level of Pacific Ocean near 
equator is about 300 millimetres higher than Indian Ocean as a result of heating and trade winds. 
The Indonesian Throughflow mainly exchange upper warm sea water from Pacific Ocean to 
the Indian Ocean. The throughflow enter Indonesian Sea from west part of Pacific Ocean and 
make its way through the Indonesian archipelago to the west part of Indonesia islands (figure 
4.1). The Lombok Strait that facing south Indian Ocean offers a path of the mass transport. Bali 
strait is near Lombok strait and also an important channel for water exchange between Indian 
Ocean and Java Sea. The flow detail sensing in the Bali strait can offer important information 
of flow conditions neat east island chains of Indonesia.  
Demonstration trail of flow current measuring in the Lombok strait has been conducted using 
acoustic tomography method with cooperation with BPPT in Indonesia and Hiroshima 
University [111,150-151]. Acoustic tomography technique is used here in the Bali strait for 
flow detail monitoring. Four acoustic tomography stations constructed a sensing network in 
the strait. Travel time of sound waves is used in the inverse problem-solving progress. The first 
arrival signal is of high SNR and multi-path propagation sound waves can also be identified 
with ray tracing programming. Strong water surface and bottom sea floor reflected sound 
waves are received at all four stations. Only the first arrival signal is used here for path averaged 
flow current reconstruction in the strait.  The experiments conducted in the Bali strait and the 
Lombok strait shows that the coastal acoustic tomography technique can also be used in the 
Lombok strait for three-dimensional profiling of flow. Deep sea acoustic tomography will be 
developed in the near further for real time sensing of internal water parameter sensing. The 
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acoustic tomography method developed in coastal area can also be used in small scale flow 
detail sensing in experimental tanks and basins. 
 
Figure 4.1: Indonesian throughflow and the straits in Indonesia that connecting Pacific Ocean 
and Indian Ocean [152-153].  
4.2 Experiment configuration 
Indonesia is a big country that composed with plenty of inlands (more than a thousand), it lays 
in the middle of Pacific Ocean and Indian Ocean. Flow currents that passing through straits in 
Indonesia have great impact on global climate. The Bali Island locates in the middle of an 
island chain at the wet boundary of Indonesia. The Bali strait is an important channel for water 
exchange between Java Sea and Indian Ocean. The left figure in figure 4.2 shows position of 
the Bali strait in the world, it lays at the west side of Indonesia and the strait faces the Indian 
Ocean. The Bali strait is like a loud speaker mouth at two sides, it restricts flow current passing 
through this narrow strait. The boundary at two sides of this strait will reflect the coming 
current, the flow details in this strait is complicate.  
The flow details in the strait is measured with acoustic tomography method by sound 
transmission in this study. The coastal acoustic tomography systems developed by acoustic 
group in Hiroshima University are used in this testing for sound wave transmitting and acoustic 
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signal receiving. The system works as the progress described in chapter, a broadband Neptune 
transceiver (figure 2.22 (a)) is used at each sound station. All stations are schyronized with 
GPS timing signal. Low frequency sound waves are transmitted in the strait, the travel time 
along each path is used as input for inverse problem solving. 
 
Figure 4.2: The experimental scheme of the tide progress sensing test in the Bali strait.  Four 
sound stations (B1, B2, B3, and B5) are used in the experiment to construct a remote sensing 
network, three virtual stations (V1, V2 and B4) are also added in the system to restrict boundary 
conditions.  
Four sets of coastal acoustic tomography systems are installed at two sides of the strait (figure 
4.2 (b)), two stations (B3 and B5) at the Java island site and another two stations (B1 and B2) 
located at the Bali island site. These four acoustic stations construct a sensing network in the 
strait to monitor tide flow progress. The number of sound transmission path in the 4-station 
sensing network is 6. The sound transmission path B1-B2 and B3-B5 is interrupted with shore, 
the sound transmission along these two paths is impossible. Four sound transmission paths 
(white line in figure 4.2 (b)) are used in this experiment for flow information sensing. The 
distance along sound propagation path B1-B3, B1-B5, B2-B3 and B2-B5 are 4020m, 4955m, 
4454m and 6210m separately. The depth of the transducers at station B1 and B2 are 14m and 
27m separately. Station B1 is deployed in a navigation signal tower near the Shore of Bali 
Island. The coastal acoustic tomography system is kept on the working plat, the transducer is 
laid down in water with rope. Figure 4.3 shows the site of station B2 and B3. The station B2 is 
located at an abandoned oil platform. The depth of station B2 is larger than that of station B3 
as the station B2 lays near shore. The depth of transducers used in station B 3 and B5 are 4m 
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and 10m separately. The station B3 is installed at a pier near a hotel and station B5 is installed 
at a pier of a petroleum factory. 
Besides four acoustic stations another three virtual stations (V1, V2 and B4) are also added to 
the multi-station sensing network to restrict the boundary condition. All stations used in this 
sensing system are used for sound transmission. As shows in figure 4.2 (b) all the seven stations 
are named as ( )1,2, ,7iS i = . The complicate flow near shore is treated as still water. The 
flow velocity along the shore at two side of the strait (S1-S2, S2-S3, S4-S5, S5-S6 and S6-S7) 
is set as zero. The reconstructed flow details will be largely improved by introducing more 
information in the multi-station sensing system. Meanwhile, the inverse problem will be 
underdetermined as limited number of information (travel time of sound wave) is used in this 
problem. Broadband sound wave is used in this experiment, the frequency of carrier wave is 
10 kHz (f0). The 10
th order of M sequence signal is used for sine wave modulate in the sound 
transmission. The modulate depth of this signal is 3 (Q=3) in this experiment. The bandwidth 
of this broadband sound wave is 3.3 kHz (f0/Q). The Inverse zone of this experiment is set 
within a 3 5km km  rectangle (small green dash box in figure 4.2 (b)), all sound transmission 
paths are in the inverse region. The computing zone is in a 6 10km km  rectangle region. The 
computing region is set double length of inverse zone to avoid the periodic of the stream 
function. The angle between the Y+ axis of computation coordinate and north direction of earth 








Figure 4.3: Site picture of station B2 (a) and B3 (b).  Station B2 is installed at an abandoned 




4.3 Experimental data  
4.3.1 Received acoustic signal  
The coastal acoustic tomography systems show in chapter 2 are used for sound transmitting 
and receiving with sound transceivers. The sound waves are received with the broadband 
transducer after a long-distance propagation. Multi-path propagating sound wave is acquired 
with the coastal acoustic tomography system and stored in the SD card. The received data is 
correlated with transmitted M-sequence modulated acoustic signal. As discussed in chapter 2, 
the M sequence modulated signal has good performance of auto-correlation. High SNR peaks 
appear when sound waves reach sound receiver, the travel time of sound waves is determined 
with this method. 
The correlation result of received data with the transmitted M sequence modulated acoustic 
signal at station B2 and B3 are shown in figure 4.4. The travel time of sound waves along ray 
path between these two stations is at a time zone of 2.9-2.92s. The SNR of correlation result at 
station B2 is about 13 dB, which is a little higher than that of data received at station B3 (8 dB). 
M sequence modulated broadband sound waves are transmitted at one station and received at 
other stations in the network. The acoustic signal received for sound transmission between 
station B2 and B3 is shown here. Ambient noise is acquired before sound waves reach sonar 
receiver; the ambient noise is below 3 dB for the sound transmission in the strait. Multi-path 
propagated sound waves are received for both stations, travel time for these signals can be used 
in flow details analysing in the vertical section between two sound stations, which will be 
discussed in the chapter 5. The multi-path propagated sound waves can be identified with ray 
tracing programming. The correlated result is zoomed in to explore travel time of sound waves 
for this reciprocal sound transmission (figure 4.5). The threshold is set to 3 dB as all the SNR 
of ambient noise is below this level, received sound waves can be picked out in this method. 
As shows in figure 4.5 the first arrival signal has high SNR level for acoustic signal received 
at both sound stations. Multi-path propagations come following the first arrival signal. Only 
the first arrival signal is analysed in this study to explore depth averaged flow details in the 
strait. To better analyse the slow changing progress of tide in the strait the received data is 
analysed using moving average method, through which small random error is filtered out. The 
flow progress in the strait can be profiled using the multi-station network sensing method, 
neglecting small turbulence in small regions. The travel time identifying analyse using moving 








Figure 4.4: Correlation of received data with transmitted acoustic signal. The data are received 








Figure 4.5: Zoom in of the correlation result. The SNR of first arrival peak is high enough for 
sound propagation ray tracing. Three peaks can be used in this signal for multi-path propagation 
sound waves identifying.  
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4.3.2 Sound speed profile 
Travel time of sound waves in ocean can be fixed when the sound speed is fixed for the sound 
transmission between two sound stations. Sound speed profile is of great importance for sound 
transmission no matter in deep sea or shallow waters. Sound speed profile can be used for ray 
simulation in the multi-path propagation identification. The sound speed profile in the Bali 
strait is measured with a CTD, which helps calculate sound speed profile by measuring 
temperature, salinity and pressure of water [150]. It is a typical inverse sound speed in shallow 
water (figure 4.6), where sound speed decrease with the depth. This sound speed distribution 
is caused by water heating with strong solar energy as Indonesia is a low latitude country. The 
salinity in the shallow water (less than 100m) is treated as constant here within a small region. 
As discussed in chapter 3, sound speed in water is affected with water temperature and pressure. 
Sound speed is mainly affected with water temperature for shallow water. The water 
temperature in upper layer is higher than lower water. Meanwhile the sound speed is not smooth, 
the changing rate of sound speed is not a constant. It demonstrates that water temperature in 
the strait changes with the increase of depth, mix of warm water and cold water happens. The 
sound speed in the Bali strait is between 1522ms-1 and 1540ms-1. The depth averaged sound 
speed can be used in the depth averaged flow detail reconstruction with acoustic tomography 
method. The average sound speed in the Bali strait is 1531ms-1. 
 




4.3.3 Sea level changing  
The tide progress in the Bali strait can also be described with sea level changes during the 
sound transmission experiment. As shows in figure 4.7 and 4.8 Tide data in the Bali strait is 
obtained, the tide data is from WorldTide [154]. The coordinate of expected position and actual 
measurement point are (-8.224, 114.425) and (-8.333, 114.500) separately. The tide progress 
predicted by WorldTide is consistent with the measurements using pressure sensor. Water level 
rise up to peak and lower down during this experiment. The tide in the Bali strait reach highest 
level to 0.9m at 00:28 am of 2nd June 2016. The flow velocity will change direction after tide 
peak appears, this tide progress can be used for flow velocity reconstruction result using 
acoustic tomography method. 
 
Figure 4.7: Tide progress monitoring. The red mark is in the experimental region. The blue 
mark shows the actual position of the tide progress. 
 
 
Figure 4.8: Tide progress prediction in the Bali strait during the sound transmission experiment. 
The red dash box indicates the time range of flow detail reconstruction in this study. This data 
is obtained from the WorldTides Developer Information. 
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4.4 Signal processing 
Low frequency sound wave (10 kHz) is used in this experiment for flow detail detecting in the 
Bali strait. The coastal acoustic tomography systems are installed near the shore of this narrow 
strait for sound transmission and receiving. Broadband sonar sensors are used here to transmit 
sound waves in water. As the target of this multi-station system is to monitor flow progress in 
the strait sound wave is transmitted continually. The sound transmission in within short time 
zone is similar for the slow changing progress in the strait. The time difference between two 
neighbouring transmissions is quite small compared with the travel time along sound 
propagation path. The signal used in this experiment is M-sequence modulated sine wave. The 
received acoustic signal is stored in the coastal acoustic tomography systems for post-
processing. The received sound data can also be transported to land-based computing station 
using telecommunication technique. As presented in chapter 2, the M sequence has no 
correlation with ambient noise and other M sequence even with same order as it. That is the 
reason to use M sequence modulated sound waves for flow detecting in the multi-station 
sensing network. The received data is correlated with original transmitted M-sequence 
modulated signal. The highest peak appears when the first sound wave arrives to receiving 
station as shows in the figure 4.5, multi-path propagating sound waves comes following the 
first arrival signal. The correlation of received data at each station is filtered using moving 
average method of thirty transmissions. All the correlation result are stacked together to get 
higher SNR of the received sound wave. The changing trend of travel time and SNR of the 
signal can be identified using this method.  
Figure 4.9 and figure 4.10 shows the correlation of received data and transmitted acoustic 
signal for sound transmission between station B2 and B3. The highest peaks are marked with 
red circles to confirm the travel time of sound waves along propagation path. The travel time 
of between station B2 and B3 is in the range of 2.9-2.92s as show in figure 4.9 and 4.10. The 
SNR of signal received at two station is almost the same for the reciprocal sound transmission 
in the strait. The SNR of highest peak for acoustic signal received at station B2 and B3 is of 
similar height, the changing trend of two signal is also same (figure 4.9 (b) and figure 4.10 (b)). 
Three peaks appear for the acoustic signals received in both stations; the strength of signal 
received by the transceivers are affected by flow current in the strait. The tide progress can also 
be monitored with the variation of signal strength when only one-way sound transmission is 
conducted. Meanwhile, the travel time variation of sound transmission in the strait also shows 
the tide progress.  
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                                     (a)                                                                             (b)     
Figure 4.9: Peak identifying of acoustic signal transmitted from station B3 to station B2. 
     
                                     (a)                                                                             (b)     
Figure 4.10: Peak identifying of acoustic signal transmitted from station B2 to station B3. 
     
                                     (a)                                                                             (b)     
Figure 4.11: Peak identifying of acoustic signal transmitted from station B1 to station B3. 
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                                     (a)                                                                             (b)     
Figure 4.12: Peak identifying of acoustic signal transmitted from station B3 to station B1. 
Sound transmission between station B1 and station B3 is also conducted in the experiment. 
The received data is correlated with the transmitted sound waves used in the sound transmission 
in these two stations.  The received acoustic signal is correlated with transmitted M sequence 
signal at two stations as shows in figure 4.11 and figure 4.12. The signal received at two stations 
is both has high SNR for first arrival peak. The travel time of sound waves along ray bath is at 
range 2.62s to 2.63s for the sound reciprocal transmission (figure 4.11(a) and figure 4.12(a)). 
The strength of first arrival signal at station B3 is higher than that of station B1. The highest 
SNR for signal received at station B1 is about 175 dB, which of station B3 is less than 150 dB.  
Meanwhile the changing trend of signal received at two stations are similar, both of them have 
two peaks (figure 4.11(b) and figure 4.12 (b)). 
Each sound station used in this multi-station network sensing system can receive acoustic 
signal from all other stations. The received data can be identified by correlating with different 
M sequence transmitted in each station. The signal used for phase modulation of carrier sine 
wave in Station B1, B2, B3 and B5 are 1st, 2nd, 3rd and 5th sequence of the 10 order M sequence. 
As the M sequence has no correlation with other sequence of same order. The travel time 
between each pair of station can be obtained with peak searching in the correlation result. The 
sound transmission along B2-B3 and B1-B3 are both concern with the sound station B3 at the 
Java Island site. The sound station B3 works well after its installation, it can transmit and 
receive sound wave continually. Sound transmission along other two paths (B1-B5 and B2-B5) 
are concerned with station B5, which is installed at the pier of a petroleum factory. The received 
data is also correlated with the transmitted acoustic signal to identify travel time of sound waves 




                                     (a)                                                                             (b)     
Figure 4.13: Peak identifying of acoustic signal transmitted from station B1 to station B5. 
      
                                  (a)                                                                           (b)                                                                         
Figure 4.14: Peak identifying of acoustic signal transmitted from station B5 to station B1.  
        
                                     (a)                                                                     (b)                       







    
                                     (a)                                                                            (b)     
Figure 4.16: Peak identifying of acoustic signal transmitted from station B2 to station B5. 
 
 
Figure 4.17: Peak identifying of acoustic data between 4.04s and 4.05s received at station B5, 







The Omni-direction transducers used in this experiment can transmit broadband sound wave 
in all directions with same power strength. Multi-station network is constructed with sound 
transmissions between each station that installed at two sides of the Bali strait. The sound 
transmission performance of station B5 is not affected by complicate turbulence around the 
pier. The sound waves transmitted with station B5 are received with two stations in the side of 
Bali Island (B1 and B2). As shows in figure 4.14 and 4.15, high SNR acoustic signal is received 
at station B1 and B2 for the sound transmission from station B5. The travel time of sound 
waves between station B1 and B5 is at a range of 3.2s to 3.5s (figure 4.13 (a) and figure 4.14(a)). 
The SNR for first arrival signal reaches up to about 400 dB for sound transmission from station 
B5 to station B1, which is higher than that of sound transmission from station B5 to station B2. 
This is because the sound transmission distance between station B5 and B2 is much longer than 
the distance between station B5 and B1. The sound transmission time between sound station 
B5 and B1 is about 4.05s (figure 4.15(a) and figure 4.16(a)).  
The flow condition near the pier at station B5 is complicate as it has strong interaction with 
boundary. The coming flow will be reflected when it reaches the boundary. The accuracy of 
position in station B5 is affected also by turbulence flow, it will shake around the expected 
position. Meanwhile, a relatively small stone is used as the anchor in this station. The anchor 
is not lowered down to the bottom, it is laid near sea floor and can sway around. The received 
data in station B5 is affected by turbulence near the pier. The sound transmission from station 
B5 to station B1 is affected with the shaking of transducer. The SNR of first arrival signal is 
less than 120 dB (figure 4.13(b), which is much lower than the sound transmission from station 
B1 to station B5. The ambient noise level is also higher for this sound transmission compared 
with other sound transmission from B5 to B1. At the same time, the correlation result at the 
sound station B5 is also affected with the boundary condition for the sound transmission 
between sound station B5 and B2. The SNR of first arrival acoustic signal is less than 80 dB 
(figure 4.16 (b)). The low SNR of received acoustic signal is partly due to longest sound wave 
propagation distance in the sensing network. The sound receiving at station B5 is affected with 
boundary condition around pier for the sound wave transmission from station B2. As shows in 
figure 4.13 and figure 4.16, the correlation result of acoustic signal received at station B5 is 
lower than other stations. Advanced signal processing method can be used in the peak 
identifying for sound wave propagation in shallow water.  Figure 4.17 shows the peak 
identifying result around 4.05s. The highest peak searching progress is conducted around the 
expected arrival time instead of in all the time zone.  
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4.5 Depth averaged tide progress in the Bali strait 
This experiment explores flow details in open waters with sound waves. Acoustic signal is used 
as a media to calculate flow velocity along sound transmission paths. A total of 7 stations are 
used in this multi-station system, travel time difference along 21 sound transmission paths are 
used in the system. As shows in former section, flow velocity along shore is set to zero. Four 
coastal acoustic tomography stations transmit sound waves continually in the strait. The travel 
times for sound transmission along four paths (black solid line in figure 4.2) are obtained with 
post-processing of recorded data at all four sound stations (B1, B2, B3 and B5). The travel time 
along all other paths that no sound transmission occur are set as Nan (not known), which makes 
this inverse problem underdetermined. Inverse problem is solved in the computing zone with 
travel time of sound waves along 21 paths. The result is restricted with boundary conditions to 
get reconstructed result in the experimental area. The reciprocal travel time of sound waves 
along the sound paths are input information of inverse problem solving. As shows in section 
4.4, the travel time of each sound transmission is identified with peak searching for correlated 
data. The received sound data is correlated with transmitted M sequence modulated acoustic 
signal from each station, travel times of sound waves from other station are determined in this 
method. Sound transmission by all stations in the multi-station network are used in this flow 
reconstruction progress. Travel time difference along each ray path is calculated as input 
information for inverse problem solving in the acoustic tomography research for flow velocity 
reconstruction. The flow velocity component is calculated with stream function in the 
experiment region. The coefficient of 3 order truncated Fourier series is calculated by solving 
the inverse problem with travel time. Flow velocity in the experimental can be calculated with 
the stream function as shows in chapter 3.  
As shows in figure 4.2 the position original point in the new coordinate system is (114.36, -
8.165). The flow velocity in the Bali strait is reconstructed with acoustic tomography method 
in this study. This multi-station sensing network is used in shallow water (less than 100m) flow 
progress profiling here, more sound stations can be installed in the multi-station sensing 
network to get higher resolution result. Small scale flow detail profiling in experimental tanks 
and basins can also use this remote sensing system, which will be discussed in the following 
chapters. The frequency of sound waves used in the small-scale flow velocity sensing system 
needs to be improved to a much higher range. High time accuracy is required for short distance 






















Figure 4.18: Flow details reconstruction results in the Bali strait using coastal acoustic 
tomography systems. Four sound stations in two sides of the strait are marked with red points. 
The flow velocity in experimental region is shown with blue arrows. Four sound transmission 




Flow details in the Bali strait is reconstructed with acoustic tomography method by solving 
inverse problems. The flow progress is monitored by continuously sound transmission with 
four broadband transceivers that controlled with coastal acoustic tomography system. The time 
zone of the data analysed in this experiment is from June 1st 22:35 to June 2nd 02:15 of 2016, 
the time gap of each plot is 15min 47s. The flow details reconstructed in this experiment shows 
flow progress of tide in the 4h period in the strait. North direction flow comes from Indian 
Ocean to Java Sea at first three hours, the tide reaches highest level around 01:20 (figure 4.18 
(k)) of June. It changes direction after high water level appears, the strong flow current goes to 
Indian Ocean from the Java Sea. Flow velocity increase when water level is rising up quickly, 
the increase rapid become smaller when water level reaching high level. At the same time, the 
current velocity also increases from small level to a relativity large range when water level 
lowering down. This performance consistent with tide theory in ocean. Tide current increase 
rapidly with a large velocity, the velocity reaches its peak when water height reaches average 
level. Flow velocity will decrease from largest level to zero until water height reach highest 
level in one tide period. The tide progress reconstructed with coastal acoustic tomography 
systems is consistent with the result from WorldTide. Water level rise from 22:35 at June 1st 
and reach high level at about 01:20 of June 2nd. As shows in figure 4.18, the direction of flow 
changes from northward to southward after 01:20 of June 2nd.  
The reconstructed flow details in the strait profile the changing progress during this tidal period. 
As shows in figure 4.18 flow direction is not along shore of this strait. The Bali strait has a 
shape of northeast toward southwest direction at the experiment area. The flow direction in this 
strait, however, is with northwest toward southeast direction. This is a result of boundary 
restriction of the strait. The input and output of this strait both like a loudspeaker mouth, which 
restrict flow direction in the middle of this strait. Flow current come to this channel and 
reflected with shore and affected with sea floor and surface wave, complicate flow conditions 
exist in the shallow channel. At the same time, flow details near shore is much more complicate 
than that in the middle area of this strait. Flow condition is affected with boundary and has 
strong interaction with shore. This condition will also appear for flow details in the 
experimental tanks and basins, where only restricted testing area exist. The number of sound 
station used in the multi-station sensing network determines the resolution measurement, this 
also works in acoustic tomography research. Meanwhile, real-time monitoring of flow progress 
in the strait can be achieved if received data is transferred to land-based working station for 
inverse problem solving and result presenting.  
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4.6 Discussion and Conclusion 
Indonesia lays in the middle of Pacific Ocean and Indian Ocean, it is an important channel for 
water and heat exchange. Water exchange in straits of Indonesia has great effect on global 
climate changing. The Bali strait is an important passageway for water exchange between 
Indian Ocean and Java Sea in Indonesia. This research explores flow details in the Bali strait 
using acoustic tomography method. The acoustic tomography method shows in chapter 3 is 
applied in this chapter for flow detail profiling in the Bali strait. The depth averaged flow 
velocity in the strait is measured with four acoustic tomography stations that installed at two 
side of the shore. The flow detail of tide is consistent with pressure sensor measurement, which 
shows acoustic tomography can be used for flow details profiling in the coastal area and has 
potential for small scale flow progress sensing.  
Meanwhile, water exchange progress in different layer is presented in the chapter, which 
contribute to the ocean condition forecast around Bali strait.  The flow velocity differs with the 
increase of depth in the strait. Flow velocity is reconstructed in the Bali strait during 4h tide 
flows. This research shows acoustic tomography system can be used in coastal area for flow 
current reconstruction and water temperature monitoring. It offers a good idea for flow progress 
monitoring in the open waters. This method can also be used in small scale flows in 





Chapter 5  
Vertical layered analysis of flow velocity 
using acoustic tomography method 
 
5.1 Introduction 
As shows in chapter 4 the acoustic tomography method has been used in water properties 
profiling in the Bali strait for tide monitoring. Understanding the conditions under which an 
ocean energy devices, vessel or maritime structures being tested in the laboratory is critical to 
properly interpreting experimental data.  While wave conditions can be determined effectively 
using arrays of wave gauges, the velocity profile of flowing is more problematic. 
As shows in chapter 2 velocity maps can be produced over small areas using laser Doppler 
velocimetry, but if a larger area is to be mapped then a series of fixed, point, measurements 
must be taken using either acoustic Doppler velocimetry (ADV) or electromagnetic flow 
meters.  Accurately mapping the flow field in this way can be extremely time consuming.  In 
this chapter a pair of underwater acoustic tomography stations have been deployed, 23.56 m 
apart, in the University of Edinburgh’s FloWave Ocean Energy Research Facility and used to 
characterise, steady, unidirectional flow at 0.8 ms-1. By transmitting M-sequence signals the 
reciprocal travel times of multiple sound paths can be identified, combining this data with ray 
tracing simulations the vertical velocity profile between the stations can be identified. The 
working frequency suitable for CAT experiments is increased with decreasing station-to-
station distances. As a result of recent progress in accurate velocity measurement, the 
maximum frequency of CAT reached 50 kHz, forming the minimum distance of 100 m. 
In this chapter we report the use of two underwater acoustic tomography stations modified to 
operate at a higher frequency than normal to construct a vertical velocity profile in the FloWave 
basin. This work demonstrates the use of underwater acoustic tomography in a hydrodynamic 
laboratory, the reconstruction of a 2D planar velocity map will be described in chapter 6. The 
flow velocity reconstruction method using reciprocal sound wave transmission is briefly 
explained. Ray tracing is used to identify sound paths and discus how the resulting travel time 
data is used to determine the average velocity in each layer. It also presents the results from the 
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experiment and compares the velocities with data obtained using a series of point 
measurements taken with an ADV. Good agreement is shown between the acoustic tomography 
velocity profile and a detailed velocity map obtained using point ADV measurements. 
Underwater acoustic tomography is shown to be a promising technique for mapping the 
velocity in experimental tidal current basins, where more detailed flow profiles and velocity 
maps could be produced using a multi-station network. 
5.2 Sound reciprocal transmission in the circular basin  
 
5.2.1 Flow velocity measurement with sound waves 
As described in former section, the FloWave facility can generate plenty kinds of steady flow, 
including linear flow, from all combined directions. Big testing zone in the central area can 
offer a test bed for ocean structure array, which is often used in offshore renewable energy 
systems. The circular basin is an ideal testing bed for ocean engineering devices and mainly 
for structure model testing with scaling. Liner flow can simulate the water conditions in open 
waters, especially for tide energy system. The testing devices are installed in open water to get 
its working condition and interaction with ocean environment. Flow details (velocity 
distribution) can be monitored during its testing using flow velocity measuring equipment. The 
flow details of deferent depth in the circular basin is not same as the flow has interaction with 
boundary. The flow velocity analysing in the basin of different is quite important to ocean 
structure working condition testing. Instead of direct point measurement, this study use sound 
waves transmission in water for path averaged flow velocity measuring across the basin. The 
small scale underwater acoustic tomography technique is used in the FloWave facility for flow 
detail profiling.     
 
Figure 5.1: Section of the FloWave facility. A pair of broadband sound transceivers is 





                                                                         
 
Figure 5.2: Experiment design of the sound transmission in the circular basin. The direction 
of this steady uniform is from station T1 to station T2.  
A pair of DualSense 115 transceivers (T1 and T2) were installed, 0.2m below the water surface 
(figure 5.1). These two broadband high frequency transceivers are fixed on vertical stanchions, 
facing each other to have high transmitting and receiving efficiency. Every 30 seconds the 
station T1 transmitted a 12th order M-sequence modulated sound signal to station T2, T2 then 
sent its signal to T1 providing reciprocal travel times. The phase modulated sound signal uses 
2 cycles per digit (Q2) so the bandwidth of the transmitted signal is 25 kHz. As shows in chapter 
2, the working frequency range of this transceiver is up to 125 kHz, which can transmit and 
receive the sound waves used in this experiment. By using high frequency sound waves as 
media in the flow velocity sensing, this system gives an effective time resolution of 0.04 ms. 
Normally, high frequency sonar transmitter is used in short distance sound transmission. The 
strength of this high frequency sound source is relatively low though power transfer is used in 
this modified acoustic tomography system. In order to acquire a high SNR, 40 repeats of the 
M-sequence signal were transmitted in a single burst and summed at the receiving station prior 
to performing the autocorrelation. Using a GPS time signal at each station ensures the clocks 
on the CAT stations are synchronised to within 10 ns. The indoor GPS signal is weaker than 
open area due to building reflection, the indoor positioning system needs to be used to get 
accuracy positioning result. A repeater is used in this experiment to strength the GPS signal, 
an antenna is installed outside the FloWave facility and a signal repeater is used to transmit 
received GPS pulse.  Each underwater acoustic tomography system starts to record received 
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signal data 0.01s ahead of the transmission time and continues to record until 0.09s after the 
start of the transmission, making each the length of each transmission record 0.1s. The depth-
averaged current velocity along each ray path is calculated using the arrival times of the each 
signal that determined from the cross correlation of the received signals and the transmitted M-
Sequence.  
5.2.2 Discrete point measurement with Vectrino 
FloWave facility is designed to provide repeatable steady flow conditions across the central 
testing area for ocean structure testing. This flow condition was characterised as part of the 
calibration of the FloWave basin. A steady uniform flow is generated in the FloWave facility. 
The designed flow velocity of this uniform flow is 0.8ms-1, which is same with the flow 
condition used in this acoustic tomography research. The real flow details in the basin can be 
measured with flow velocity measuring devices. As described in chapter 2, the bridge can move 
across the surface of this circular experimental basin, any position within this basin is 
accessible. Steady flow conditions can be used for model testing in the basin, the flow condition 
is much more complicated near wave maker paddles. The flow velocity in the central testing 
area is measured with the ADV. The ADV is installed in discrete positions within the FloWave 
facility with the assistance of the moving bridge across this circular basin (Figure 5.3). The 
ADV is fixed to movable working bridge, which can move on the rails. It takes long time to 
complete this discrete flow velocity measurements in the steady uniform flow as it is time 
consuming for ADV installing.  
It provides a detailed set of point ADV measurements which can be compared to the 
tomography measurements.  As shows in figure 5.4 the centre of the circular basin is used as 
origin of the coordinate system with the X axis in an east-west direction. Unfortunately, the 
ADV measurement positions do not align exactly with the direct path between the acoustic 
tomography stations so the velocities along this path (shown in red) have been interpolated 
using discrete measurements of the flow velocity. As the flow system (Figure 1b) has induction 
and subduction zones with turning vanes the velocity is lower at the edges of the tank. 
Consequently, the mean velocity along the direct path (based on the ADV measurements) is 
0.65 ms-1, with a maximum velocity of 0.8 ms-1. The measured flow velocities are presented 
in figure 5.4 (blue arrow). The path averaged flow velocity can be measured with sound 
transmission between two sound stations in the circular basin. This interpolated result can be 





Figure 5.3: Flow velocity measurement in the circular basin, the flow velocity along sound 
transmission path is interpolated with direct measurements. 
 
Figure 5.4: Flow velocity measurement in the circular basin, the flow velocity along sound 




5.3 Received data and signal processing 
Arrival acoustic signals are acquired with transceivers and stored in the control system 
continuously. Figure 5.5 shows the received data of this experiment, the raw data is presented 
at a zone of 0-0.05s. It clearly shows that direct propagation sound waves arrived at about 
0.015s, and the boundary reflected signal followed the first arrival sound wave. Ambient noise 
is acquired before sound waves arrive. Boundary reflection signal last about 0.015s (0.015-
0.03s), which means the longest sound transmission length is as long as 45m. Strong reflection 
signal can be used for flow detail profiling using quite limited acoustic tomography station. It 
offer a good research direction for flow detail profiling in experimental tank and other small 
water area. Meanwhile, clearly multi-path signal is also a key factor for flow parameter sensing 
in open water, which make three-dimensional mapping of flow detail possible with single sonar 
sensor at each station. This experiment also shows that the FloWave facility is an ideal testing 
basin for sound transmission experiment, its sound channel is steady for acoustic signal 
propagation. Different arrival signal can be identified with geometry sound transmission theory 
in this study as the circular basin is specially designed, its bottom is flat and has regular shape. 
The water surface and bottom floor are both treated as a plane, where sound waves will be 
reflected when they arrive. The sound reflection can be calculated with reflection theory. The 
ray tracing programming is used here for arrival signal identifying, which is widely used in 
oceanography research. It will be discussed in the follow section. The colour bar shows SNR 
of the correlation result, the SNR of data received at station T2 is higher than that of station T1.  
Only first few arrival signals are used in the acoustic tomography analyse here in this study. 
Figure 5.6 shows the cross correlations of the transmitted and received M-sequence signals at 
T1 and T2. Several peaks can be clearly identified in the signal starting with the first peak 
which is associated with the direct sound path, prior to this only noise is detected. The strongest 
response is over a time span of 0.015-0.02s, which will be used in this study for sound wave 
multi-path propagation. After this time zone weak arrivals associated with sound reflected from 
the wave makers around the edge of the tank are detected. Although these weaker signals are 
not of interest in this study and are disregarded, they can be used in further research for flow 
detail profiling in the circular basin with few acoustic tomography station. It is the research 
topic for further research about small scale acoustic tomography in the experimental tank and 
other small-scale waters. More detailed flow details can be reconstructed by using more 
information of arrival signals. As shows in figure 5.6, SNR before 0.015s is below 2 dB. 







Figure 5.5: Received data at station T1 (a) and T2 (b). Signal arrived at 0.015s and main sound 







Figure 5.6: Zoom in of received data of station T1 (a) and T2 (b). The received data for this 




As presented in former section the steady uniform flow is generated in this circular basin for 
flow detail profiling in this study. A total of 10 periods of signal is transmitted for each 
transmission, the time gap between two transmissions is 30s. The round way transmitted sound 
waves propagated across steady flowing current, which will affect the travel time of multi-path 
propagation acoustic signals. As presented in chapter 2 M sequence modulated signal has 
strong auto-correlation. The received data are correlated with transmitted M sequence, high 
SNR peak appears when sound wave is received. In each transmission the most significant 
SNR peaks are identified with red circles (figure 5.7). The arrival peak with highest SNR is 
normally associated with the first arrival, which has no boundary reflection. The peaks that 
identified between 0.015s to 0.02s are used for the vertical layered flow velocity inversion. The 
arrival peaks between 0.02s and 0.03s are arrival signal that reflected by the surface and floor, 
these arrival signals can be used to increase the detail in the flow inversion by adding more 
layers. There also exists some arrival peaks come after 0.02s, which are due to vertical wall 
reflections. This information can be used to add details to the 2D horizontal flow inversion, the 
resolution of inverse result will be much higher with more identified arrival signals. The 2D 
horizontal flow mapping is not considered in this chapter, thus arrival signals after 0.02s is not 
considered in this analysis.  
This research explores flow velocity in the vertical section between two sound stations. Ray 
tracing is conducted to identify multi-path propagation sound waves, first few arrival peaks are 
analysed to determine the ray path. The correlation result of received signal is zoomed in at the 
range of 0.015-0.02s to get more detailed analyse of former arriving (figure 5.8). Peaks appear 
when the multi-path propagation sound wave arrive to receiving station. The sound 
transmission is steady in the circular basin, where repeatable flow condition is kept. The first 
arrival signal corresponds to direct propagation that has no interaction with boundary. As 
shows in figure 5.8, the highest peaks are not the first arrival signal, which is not consistence 
with acoustic tomography survey in open water. This is because the sound transmission path 
in this experimental tank is clear. The water surface and bottom floor can be treated as plane, 
where mirror reflection occurs at the boundary. The sound propagation ray length is same for 
the paths that with same number of surface and bottom reflections. The travel time of these 
arrival signals is same if no flow exists in the testing area. These arrivals combined together 
for one peak, appears like one arrival signal with a high SNR. Three groups of arrival signal 
are shown in the zoomed in figure. These peaks will be identified with ray tracing programing 













Figure 5.7: Stacked diagrams of the received data correlated with the M-sequence used in 



















Figure 5.8: Arrival peaks are mainly in the time span of 0.015-0.02 s that shows in (a) and (b) 






5.4 Arrival Peak Identification with Ray Tracing Result 
Sound waves passing from one isotropic media to another media will have refract at the 
boundary according to the Snell–Descartes law. In deep ocean sound speed changes due to 
depth, temperature and salinity also cause refraction. Ray simulations are used to calculate the 
sound ray trajectory based on sound wave propagation theory presented in chapter 3. The 
TRACEO ray tracing program [134,155-156] was used to identify the acoustic ray path 
associated with different arrival times through a vertical slice between two acoustic stations in 
the FloWave. In still water conditions FloWave has a uniform 2m depth across the whole 
experimental area. FloWave uses fresh, rather than saline, water which circulate quickly and is 
well mixed over the whole basin. Consequently, a constant sound speed of 1496 ms-1 was 
calculated for use in the ray tracing simulation. This value is in agreement with the sound speed 
measured by Vectrino ADV used for the velocity profiling. FloWave’s floor is flat and smooth, 
and although it is capable of generating waves with current a flat free surface was assumed for 
these tests since no waves were being created. TRACEO identified ten eigenrays between the 
transmitter and receiver (Figure 5.9). The ray tracing results along the slice shows that the 
sound wave propagated along different ray paths in the tank. The identified launch angles 
(Figure 5.10) in the vertical slice correspond to different sound wave propagate ray paths. The 
simulated travel times provide a very useful assist in identifying the arrival peaks in the 
acquired data. The ray tracing results also shows that the direct arrival signal and the surface-
reflection signal cannot be separated due to the very small difference between their arrival 
times. Higher time resolution is needed to identify those two arrivals, the time gap between 
direct arrival and surface reflection will be smaller if the sonar sensor depth is bigger. The ray 
tracing result are same for station T1 and T2 as the transceivers were deployed at the same 
depth, the reciprocal sound transmission path is same for each multi-path propagation. 
Ray tracing shows that the earliest signals are expected at around 15.7ms and prior to this 
ambient noise will be detected. Furthermore, Figure 5.10 shows that the travel times can 
grouped into four distinct groups, (shown in Figure 5.11). Group-1 is composed of direct (D) 
and surface reflected (S) rays. Group-2 contains rays with one bottom reflection (SB and BS). 
Group 3 contains rays with two bottom reflections and one surface reflection (BSB). Finally, 
Group 4 contains rays with two surface, and two bottoms, reflections, SBSB and BSBS. Within 
these groups the travel time differences are too small to be resolved. However, since these 
groups each have distinct arrival times the form a basis for a layered vertical inversion. As 
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previously mentioned, arrival peaks later than group-4 also contain signals from side wall 
reflection which are useful for horizontal inversions. 
 
 
Figure 5.9: Eigenray tracing along the slice between two stations, the number of surface and 
bottom reflection is less than 5. 
 
 
Figure 5. 10: Launch angle and the travel time of different eigenrays. The launch angle can be 







Figure 5.11: Arrival signal identify by comparing the received signal and ray tracing result. 4 
group of rays are picked out here based on the travel time and sound wave launch angle. 
The multi-path propagation acoustic signals are received at the receiving station, they are 
identified with ray tracing programming. 5 group of arrival peaks are identified and used here 
in this study for flow detail reconstruction. Figure 5.12 shows 1-minute ensemble averages of 
the correlation signals with SNR peaks identified using coloured circles. The first four arrival 
times are those associated with the groups discussed above.  The 5th group is associated with 
the ray which is reflected of the back wall behind the transmitting station before traveling 
directly to the receiving station. Ensemble averaging is often used in oceanic measurements to 
improve the SNR but has not proved necessary in FloWave where the background noise is less 
than 2 dB. Under the steady flow conditions created we expect that every transmission time 
will be the same during a test, this is clearly observable in the plots where the arrival peaks 





Figure 5.12: Peak searching for the received data when transmitting from station T1 (top) and 
T2 (bottom). 5 peaks have been identified using ray tracing (see Fig 5.9 and 5.10). 
5.5 Flow velocity analyses along the ray path 
5.5.1 Path-average velocity 
As discussed in section 5.2, when the sound wave travel time between station T1 and station 
T2 is known for each group, the path averaged flow velocity can be calculated using equation 
(3) as the ray lengths have been determined. Figure 5.13 shows flow velocities calculated using 
sound waves round-way travel times between two stations using 5 group of arrival signals. The 
1-minute interval signal is affected by ambient noise and surface waves, arrival signal has small 
shift for some particular transmission. The flow velocity calculated using each sound wave 
propagate ray path can be averaged as the flow generated in the circular basin is steady. The 
direction of flow current generated in this experiment is from T1 to T2. Flow velocity along 






Figure 5.13: Path averaged flow velocity calculated with arrival signals propagate through 
different ray paths, black dash line indicates ADV measurement (0.65ms-1) of flow velocity in 
the tank. 
 
Path averaged flow velocity along sound wave propagation paths is between 0.33 ms-1 and 
0.92 ms-1. The reconstructed flow velocity for each trial has small difference caused by travel 
time variation for each arrival group. Travel time of sound waves is affected by local flow 
current when propagating across, path averaged flow velocity is, thus, different for each arrival 
peak. The mean velocity averaged over all five ray paths is 0.54 ms-1. As discussed previously 
the ADV measurements give a mean flow velocity along sound propagation path of 0.65 ms-
1. The ADV was installed 0.5m from surface when taking direct measurement of flow across 
the central area of the basin. These results show that velocity measured using sound 
transmission is in good agreement with the results obtained using direct measurements. In order 
to make a better comparison between the two approaches an analysis must be made to 
determine the depth averaged velocity profile over a number of layers in the basin. 
5.5.2 Vertical layered velocity  
Layer averaged velocities in the sound transmission plane can be reconstructed by solving the 
inverse problem as described in chapter 3. This is done using the travel times of multi-path 
sound waves. As discussed in section 5.4, 3 distinct groups of arrival signals were identified 
using ray tracing programming. The flow detail near bottom floor and surface is affected by 
boundary, flow velocity is not constant of different depth. The vertical slice of whole water 
103 
 
depth in the circular basin can be divided into three layers (0-0.4 m, 0.4-1.2 m, 1.2-2.0 m) as 
shown in Figure 5.14. Five eigenray are included in first three arrival signals. When sound 
wave propagates through a layer, the travel time is affected by flow velocity in this layer. The 
layer averaged flow velocity can be reconstructed using sound wave travel time in the basin. 
To get layer averaged flow velocity in different depth steady sound transmission is needed. 
Small variation is weakened when moving average is used around a time range. As shows in 
figure 5.12, arrival peaks are steadier when moving average is used for received signal. Steady 
arrival peaks ignore quick changing small-scale flow details in the interest region. The 
unidirectional flow generated in this circular basin is steady, flow condition (including flow 
velocity) for each sound transmission is same. For each arrival signal all the trial data are 
averaged to get path averaged flow velocity.  
Path averaged flow velocity is calculated using first 3 arrival signals (Table 1). Flow velocity 
for 3rd arrival peak is biggest compared with other two signals.  In order to calculate the steady 
state travel times in Table 1 the arrival times from each transmitted burst are averaged. In some 
signals, however, peak 3 and peak 4 are indistinct and cannot be clearly identified. In this case 
the signal is excluded from the averaging process.  Figure 5.15 shows a signal where peak 3 is 
too indistinct to be used.  The burst signal of this kind was excluded from the T2-T1 and T2-
T1 average in determining the arrival times of peak 3. 
 
 
Figure 5.14: The vertical slice is divided into 3 layers (0-0.4m), (0.4-1.2m) and (1.2-2.0m). 
Five Eigenrays are traced for the first 3 peaks. 
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Table 5.1: Ray lengths and travel times used in the calculation of steady state, layered, depth 
averaged velocity. 
Peak number Ray path Ray distance (m) t+ (s) t- (s) 
1 D,S 23.56 0.15824  0.15833 
2 BS,SB 23.90 0.16057  0.16067 




Figure 5.15: Correlation signal for forth sound burst for T2-T1 (blue line) and T1-T2 (green 
line), red dash box fixes the 3rd arrival peak of this study. It shows that the arrival time of peak 
3 cannot be resolved sufficiently to be included in the averaging process. 
 
The vertical layered inversion was performed on 3 layers using the averaged arrival times.  
Solving the inverse problems gives velocities of 0.8063 ms-1, 0.4989 ms-1, and 0.2147 ms-1 
in the 1st, 2nd and 3rd layers respectively.  The velocity in the surface layer is very close to the 
flow speed expected from the drive settings used in the experiment.  The middle and bottom 
layer velocities are lower showing the expected boundary layer across the floor of the basin.  
The Vectrino was deployed 0.5 m from the surface in the upper part of the middle layer.  Since 
this layer is quite deep (0.8 m) the average value should be lower than that measured using the 
Vectrino.   In order to make a comparison with the measured velocity it is possible to estimate 
velocity at 0.5 m by taking a weighted average of the upper- and middle-layer velocities.  Using 
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weights of 67% and 33% for the upper and lower layers respectively gives an estimate of the 
velocity 0.5 m below the surface as 0.6014 ms-1. As discussed in former section, the path 
averaged velocity obtained using the Vectrino is 0.65ms-1. The error between the reconstructed 
result from the upper two layers using acoustic tomography and the ADV measurements is 
7.48%. 
5.6 Summary and discussion 
Acoustic tomography method has been applied in this chapter to profile path averaged fluid 
velocity in the circular experimental basin, FloWave facility. In addition to calculating flow 
velocities based on individual sound travel times the depth averaged flow profile has been 
reconstructed over three vertical layers (0-0.4m, 0.4-1.2m and 1.2-2.0m). A pair of high 
frequency broadband sonar transceivers were installed, 23.56 m apart, on opposite sides of the 
circular basin in this experiment. Two underwater acoustic tomography systems, operate at 50 
kHz, were used to measure the arrival times of M-sequence acoustic signals transmitted across 
the basin. Compared with previous acoustic tomography research in open waters, high 
frequency acoustic signal is needed to identify multi-path propagating signals in short distance 
sound transmission. Meanwhile, the travel time difference of round way sound wave 
transmission in short distance is small, high time resolution can decrease the model error of 
this acoustic tomography system.  M-sequence modulated sound wave broaden the frequency 
band, using broadband acoustic transceivers guarantee high sound information acquiring. The 
ambient noise was found to have a SNR of less than 2 dB while the received M-Sequences 
have SNRs of about 20 dB. This difference is sufficient for the arrival peaks to be easily 
identified.    
Analysis of the received signals shows prominent, multiple, arrival peaks that correspond to 
sound rays reflected by the floor of the basin and the water surface. The ray tracing 
programming, TRACEO, was used to simulate these rays and to calculate ray lengths, launch 
angles and expected arrival times. Data from the simulations was used to identify the peaks 
observed in the experimental data. The multiple arrival peaks were divided into 3 distinct 
groups of rays and the path averaged flow velocities were reconstructed. Using a regularized 
inverse method, the layer averaged current velocity was determined from the ray data. Besides 
the acoustic tomography analyse, fixed-point measurement was carried out in the central test 
area of the tank. The flow velocity measurement by ADV monitored fixed-point flow condition 
continuously. The reconstructed average currents show very good agreement with velocity 
measurements made directly using an ADV.  
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This experiment is the first trial of acoustic tomography in an experimental laboratory basin 
with station-to-station distances shorter than 50 m. The study shows the potential of acoustic 
tomography as an analysis technique for small scale flow monitoring. The higher frequency 
acoustic signals used in this study would allow smaller scale flow details to be reconstructed 
in either the horizon plane or the vertical plane using a multi-station networking. Underwater 
acoustic tomography therefore provides a useful tool for real-time monitoring of flow in both 
experimental tanks and open water areas. This method can be used in flow detail sensing in 






Chapter 6  
Mapping of flow details in the circular 
experimental basin with underwater 
acoustic tomography method 
 
6.1 Introduction 
As discussed in former section the circular experimental basin can generate complicate flow 
conditions for ocean structure testing. To explore flow details in the basin path averaged flow 
velocity is analysed in chapter 5 with a pair of underwater acoustic tomography systems. Strong 
water surface and bottom floor reflected sound waves make layer averaged analyse possible.  
The velocity distribution in the horizontal plane is also of great importance for the flow field 
in the circular experimental basin. The flow details can be obtained by CFD simulation with 
three-dimensional modeling of the circular tank as discussed in chapter 2. The flow velocity in 
the experimental tank can also be acquired with discrete measurement using ADV. The CFD 
simulation cannot agree with real complicate flow ideally and it takes time for this work. 
Meanwhile, it takes long time to get flow velocity mapping with limited number of discrete 
measurement devices. This research studies the uniform flow velocity mapping in the basin 
with underwater acoustic tomography method. A pair of acoustic transceivers was installed at 
the periphery of the FloWave facility for flow field mapping by solving the inverse methods. 
A 7-stations network was attained with only two acoustic tomography units by changing the 
uniform flow directions. A uniform flow is generated in the basin by the linked control of 
inflow velocity for different vanes. A set of travel times obtained along the 7 transmission lines 
was used to solve the inverse problem for flow field detail mapping. In collaboration with 
Hiroshima University, the multi-repeat transmission program and the ring-buffer summation 
program for received data are newly constructed to increase largely the signal-to-noise ratio 
(SNR) of received data. The flow fields are reconstructed by the inversion of the acoustic 
tomography data. Fixed-point data of flow velocity was acquired in the central testing area by 
ADV. The discrete measurement has good agreement with the reconstructed result. The flow-
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field mapping results by the acoustic tomography methods showed that the FloWave is an ideal 
test facility for offshore renewable energy platforms which can construct a steady, uniform 
flow. This study demonstrates a method for flow field details reconstruction in the circular 
basin. 
6.2 Underwater acoustic tomography experiment in the circular basin 
6.2.1 Sound wave transmission 
This research is for the first time to use acoustic tomography method for small scale flow detail 
profiling. Meanwhile, no previous research is conducted about flow velocity mapping with 
acoustic tomography system in the experimental tank. The high frequency sound waves are 
used in this testing as a media for flow velocity measuring. To explore working condition of 
the circular tank and get flow details in the testing area uniform flow is generated in the basin. 
The newly developed small scale underwater acoustic tomography systems are used in this 
research for flow details profiling in the circular experimental basin. Two set of underwater 
acoustic tomography stations are installed in the circular basin for sound wave transmission. 
Multi-station sensing network is constructed for velocity reconstruction in the experimental 
basin with a pair of underwater acoustic tomography system.  
Normally the most continent method to get flow details in the FloWave facility is install some 
sound station in the circular basin and construct sensing network. Meanwhile, flow velocity 
distribution can be obtained by discrete measurement using ADV. One can get discrete 
measurements at different positions in the continuous steady flow field. Repeatable steady flow 
can be used in the experimental tanks and basins if the number of measuring devices is limited. 
It takes long time to get flow details in an interested area in this way. The multi-station network 
sensing system, however, is achieved by changing flow directions in the circular basin with 
only two sets of acoustic tomography systems. As discussed in chapter 2, regular flow tank is 
designed to rectangle for steady flow generating. The circular flow simulation basin is designed 
to a circular shape, which can push flow with different directions. Plenty of CFD simulation 
and experimental tests shows that repeatable flow can be generated in the FloWave facility. 
Moreover, nearly same flow conditions can be generated in the circular basin with different 
direction. The excellent performance of the flow basin makes this experimental scheme 
possible, which use limited number of sound stations for multi-station network sensing. The 
multi-station sensing network can also be constructed with limited stations by changing station 






Figure 6.1: Experimental design of the underwater acoustic tomography test. Two acoustic 
tomography station are installed at T1 and T4. The uniform flow is generated from 0o with a 
velocity of 0.8ms-1. To simulate a 7-station network with only 2 acoustic tomography stations 
flow direction is changed to other 6 different degrees as shows in the figure.  
 
Figure 6.2: Vertical section of flow velocity mapping with underwater acoustic tomography 
system in the FloWave facility. Two sonar sensors are installed in water with a distance of 
22.73m. They are deployed 0.5m from the water surface in the 2m depth water. Sonar sensors 




Sound transmission in the circular basin described in chapter 5 shows that high SNR sound 
wave can be received after short distance propagation. Acoustic tomography technique can be 
used here to reconstruct flow velocity like the coastal acoustic tomography research in open 
waters. Only two acoustic tomography systems are developed in this research due to the 
restriction of fund. Specially designed experimental scheme is conducted in the circular basin 
to get multi-station network with only two acoustic tomography stations. Other than moving 
station position in the circular basin, the flow direction is changed to get different sound 
transmission path. All the sound transmission in the network sensing are assumed in the basin 
with 7 different flow directions (figure 6.1). Flow direction changing in the experimental basin 
is conducted by combined controlling of the turbines that installed underneath the testing floor. 
Each flow condition is assumed with same flow velocity distribution, where only the direction 
is changed.  
Two set of underwater acoustic tomography systems are used in this research. High frequency 
Sound wave was reciprocally transmitted between two sonar stations (T1 and T4) in the tank 
for flow current velocity measuring. As the circumference of the testing area is divided equally 
into 7 segments, the angle difference between each nearest station is 51.5o. The sound 
transmission paths in Figure 6.1 have same distance as the circumference of the tank is equally 
divided. The original flow direction is assured as 0o directing to the central of the circular basin 
from T1, which is the lowest point in the new coordinate. The uniform flow in the circular 
basin is generated by combined control of 28 impellers underneath the testing floor, velocity 
of the flow is 0.8ms-1.  
When two sound station is installed in the original position, uniform flow is generated for sound 
transmission. The reciprocal transmission travel time is used in the inverse problem solving for 
the tomography research. Keeping original position of acoustic stations, flow direction is 
changed to 051.5 . The flow works like generated from station T7, directing to the central point 
of the circular basin. The sound transmission between station T1 and T4 continues. Changing 
the coordinate to 051.5 counter-clockwise, it works as the uniform flow is from direction 00 , 
where the flow generated from station and directing to the central point of the basin. The sound 
transmission between T1 and T4 is changed to T2 and T5 after the coordinate rotation. The 
flow direction is changed to 051.5 0102.9 0154.3 0205.7 0257.1 0308.6 separately. Then all the 
sound transmission between 7 stations is achieved in the circular basin. This experiment 
assume the condition is the same for the steady flow from each direction. 
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The water depth of the circular experimental basin is 2m in the testing area and the sound 
transceivers are installed 0.5m from the surface (Figure 6.2). Same depth of the sonars can 
assure sound wave transmission stay in a horizontal plane, which is main task of this study. 
The flow details in a horizontal plane needs to be reconstructed with the sound transmission 
method in the basin. The horizontal distance between station T1 and station T4 is 22.73m. The 
transceivers were fixed to the bars facing to the centre of the tank, which assure sound 
transmission to other stations in the network. As shows in chapter 2, the sound sensor has a 
property of Omni-direction, which means sound wave can be transmitted in all directions 
around. It is means multi-path propagations in the experimental area is possible. Meanwhile, 
the all-direction sonar can also receive acoustic signal that come from different direction. The 
floor of circular basin is a cement plane, which has strong reflection of sound waves. 
Neglecting the roughness of the surface, the surface and bottom are treated as a flat plane. 
Sound reflections can be traced easily in the regular boundary environment using mirror-
reflection method or ray tracing programming. The sonar sensor is deployed in water for 
underwater sound wave transmission and receiving. It is controlled by the underwater acoustic 
tomography system, which is connected with the sonar sensor using cable. 
Uniform flow is generated in the circular basin for flow velocity reconstruction. In this study, 
21 vanes are assured as input and other 7 vanes are output. The input velocity of each sub-vane 
is different, all impellers works together to create the uniform flow in the testing area. Real 
flow condition is quite complicate, especially in the boundary area. The flow near boundary is 
affected by vanes and the vertical wave makers. This research explores flow velocity 
distribution in the experimental and sound transmissions all cross the central area of the basin. 
The devices testing in the circular basin is all conducted in the central area, mainly above the 
risible floor. Figure 6.3 shows the uniform flow in the circular basin, quite complicate small-
scale flow detail neat wave makers is neglected in this study. Steady repeatable flow is 
generated with different in the basin. As shows in figure 6.4, the high frequency broadband 
sonar sensor is fixed on the bar, which is attached to the boundary of the working net. The bar 
is relatively thin in the boundary of the flow field, the effect to the original field is also neglect. 
It is inserted into the gap of two vanes to assure it vertically fixed firmly in water. Meanwhile, 
fast changing small scale flow details in boundary area are also neglected in this study. It can 
be observed in real-time monitoring system using net multi-station networking. It is out of the 
research area of this study and it is a task for further underwater acoustic tomography research 




Figure 6. 3: Uniform flow generated in the circular basin. The velocity of the flow is 0.8ms-1 
and the direction is changed by combined controlling of impellers as shows in chapter 2.  
The sound transmission experiment in the circular basin shows in chapter 5 demonstrates that 
aacoustic tomography research in the experimental tank is realisable with high frequency sound 
waves. The central frequency of the transmitted signal was set to 50 kHz in this acoustic 
tomography experiment. 2 cycles of sine wave per digit (Q2) was selected for phase modulated 
sound wave transmitting from the broadband transceivers. The bandwidth of the transmitted 
signal is 25 kHz. The working range of this broadband transceiver is 10Hz-150 kHz. As shows 
in chapter 2 autocorrelation of the M-sequence is very sharp, no correlation peak appears 
between different M-sequence even if they has the same order. The 12-order M sequence 
modulated broadband sound pulses were transmitted in turns every 1min from both acoustic 
stations. The time resolution is defined as one-digit width of the M sequence, 0.04ms. 
Generally, application of the 50-kHz acoustic tomography system to the 25m scale circular 
tank is hopeless to attain the sufficient accuracy of velocity measurement. Without the 
proposed data processing, acoustic tomography application to the 25 m circular tank is 
unrealistic. 20 repeat of signal was transmitted at one time and summed at the receiving site to 
improve SNR. The summation of 20-repeat signals is taken every minute, using the CPU 
memory inside the system and the 20-repeat received data are compressed in the one-period 
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(repeat) size of M sequence. The SNR is further increased by the 5-min ensemble average. 
Finally, the ensemble of 100 data decreases error velocity by 1/10. GPS clock signals was used 
for system synchronize. GPS repeater is also used in the FloWave facility to strength the GPS 
signal for better time accuracy (figure 6.4).  
Figure 6.5 shows the underwater acoustic tomography system used in this flow current 
mapping experiment.  The power system used in this testing is power source, which can offer 
two channel power supply for the acoustic tomography system. Voltage for control system is 
12V and the power supply for sound transmitting is 24V. A power transformer is used in the 
control system, which can change the voltage from 24v to up to 500V during the sound 
transmitting. The current of sound transmission channel is between 0.2-0.4A. As the 
attenuation of sound waves increase rapidly with frequency, strong sound waves need to be 
transmitted. Strong power supply for the sound transmission system assure high SNR acoustic 
signal received in the other station.  
 
    
   (a)                                                                                    (b) 
Figure 6.4: GPS repeater (receiver (a) and strengthened signal transmitter (b)) is used in this 
experiment. Indoor GPS signal is relatively weak, GPS repeater is applied here to strengthen 




Figure 6.5: underwater acoustic tomography station used in the small-scale flow detail 
mapping. The battery of this system is replaced with power source, which offer power supply 
to transceiver and control system. Sonar transceiver is controlled with the underwater acoustic 
tomography system for high frequency sound wave transmission and acoustic signal receiving. 
6.2.2 ADV measurement of flow velocity 
During the sound transmission in the circular basin fixed-point measurement of flow velocity 
is also conducted with ADV in the central testing area. A Vectrino was used here for fixed 
point measurement of the flow current. As shows in chapter 2, there has a working bridge 
across the circular basin. Two railways are installed at both side of the experimental basin, the 
working bridge can move above surface of water. Testing devices can be installed at the risible 
floor easily using the moving bridge. One can install device at any position of the bridge. All 
the area in the circular basin is accessible by combined using of the bridge and the risible 
working floor. The floor can rise up and lower down quickly. It is designed to install and 
remove testing device in the basin easily, no need to get into water for device installing. As 
shows in figure 6.6, the Vectrino is installed at the middle point of the sound transmission path. 
The depth of Vectrino is 0.5m below water surface in the 2m testing area. The flow velocity 
around middle point of the sound transmission is measured continuously with the Vectrino. All 
the flow velocity in 7 middle-point can be acquired by changing the flow direction in the 




Figure 6.6: fixed point measurement of flow velocity with ADV. The vectrino is installed in 
the middle of sound transmission path in the bridge across the FloWave basin.  
 
Figure 6.7: coordinate rotation with flow direction changing in the basin. When the flow inlet 
changes from T1 to T7. It works like the sound transmission is between T2 and T5 (green dash 
line). The coordinate of Vectrino also rotate with the bridge.  
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The acoustic tomography stations are originally installed at station T1 and T4. The first ADV 
measurement of flow velocity is in the middle of sound transmission path. When the flow inlet 
changes from T1 to T7. It works like the sound transmission is between T2 and T5. The 
coordinate of Vectrino rotated as flow direction changing. The flow velocity that measured 
with Vectrino is broke down to original coordinate. The flow velocity is measured with 
Vectrino in the middle point of each sound transmission path. The discrete measurements are 
plotted in figure 6.8. To better show flow velocity measurement result in the figure the central 
point of the circular basin is moved to (25, 25).  All the flow area is presented in the first 
quadrant of this coordinate. Acoustic stations is represented by red dot in the figure. Multi-
station network is also showing in the figure. As all measurement is conducted in the middle 
point of sound transmission path all the ADV measurements are locate in the central area of 
the testing area, where uniform flow is more ideal than boundary area. The point discrete 
measurement could be used for the acoustic tomography result verify. 
 
Figure 6.8: discrete measurement of flow velocity in the circular basin using Vectrino. The 
ADV is installed in the middle of each sound transmission line. Red circular point is acoustic 
stations that installed in the circular basin. The velocity of uniform flow during ADV 
measurement is 0.8ms-1.   
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6.3 Received data analysis 
Sound transmission in the circular basin is conducted with two acoustic tomography systems. 
The transmitted sound waves are received with transceivers after a short distance propagation 
in the basin. The sound waves are transmitted in all directions, which results in multi-path 
propagation in the circulation basin. The sonar sensors used in this experiment are transceivers 
that can transmit broadband sound wave and receive arrival signal as well. The transceivers are 
adjusted to transmit sound wave in turns, the time gap between two transmissions is 30 s. Every 
transceiver switch to receiving mode after its sound transmission. The sine wave is modulated 
with M sequence for high SNR at the transmission station. The received signal is stored in the 
control system for post-processing, it is correlated with transmitted signal for peak 
identification. For self-contained system, however, the received data can be pre-processed with 
control system and get the travel time of each transmission. As shows in chapter 2, the arriving 
signal is divided into two channels. They are multiplied with sine wave and cos wave that of 
same frequency with transmitted acoustic signal. The multiplied signal is processed by low 
pass filter to get low frequency component. The processed signal is used for correlation with 
transmitted signal to identify arrival time of each boundary reflected sound wave. 
Figure 6.9 shows received raw data with underwater acoustic tomography systems. As 
discussed in chapter 2, the received data is multiplied with sine wave and cos wave and stored 
separately. The frequency of sine and cosine signal used here is same as carrier signal of 
transmitted sound wave. These two channels of data are combined together for correlation with 
the transmitted sound waves at the sound transmitting station. Both of these two signals are 
received when no flow current is created in the circular basin. The upper figure (figure 6.9 (a)) 
shows raw data received at station one (T1), this sound wave is transmitted by the other station 
(T2). The control system has fast response when raw data arrives, amp of received signal rise 
to average level immediately. This shows the transceiver used in station one is of high 
sensitivity when receiving signal. Sine channel is worse than the sine channel for this station. 
The lower panel shows the raw data received with the station T2. The transceiver in station T2 
has slow response to arriving signal, the amp of the signal increase to peak after short time 
receiving. Meanwhile, the latter part of received signal also has small distortion as shows in 
figure 6.9 (b). The received signal in station T2 shows that the sonar sensor used in this station 
need time to response to the arriving acoustic signal. The consistency of sonar sensors used in 
network sensing system is of great importance, which can assure same performance of each 







Figure 6.9: Raw data at two channel of station T1 (a) and T4 (b), no flow is generated when 
the arrival data is received. X and Y coordinate is time log and magnitude of received signal. 
Strong signal is received at two acoustic station and the data has small distortion after short 
distance propagation in the circular basin. 






































As shows in chapter 2 the M sequence modulated signal can be used for multi-station network 
sensing as it has no cross-correlation between different M sequence signals. The auto-
correlation of this signal appears like a pulse, which can be identified easily in the sound 
transmission experiment. Meanwhile the M sequence has no correlation with ocean ambient, it 
has high ability of noise suppressing. The received raw data is correlated with transmitted 
signal for arrival signal identifying in this study. The underwater acoustic tomography system 
start to record 0.01s before sound transmission by the other station and the recording ends 0.09s 
after the sound transmission. The length of each signal receiving is 0.1s in total, direct 
propagation of sound wave takes less than 0.016s. The recording length is set to 0.1s to assure 
all acoustic signals can be obtained. The processed result shows that the first signal comes at 
about 0.016s and efficient arrivals come after the first arrival. As shows in figure 6.10, plenty 
of peaks appear at the time range 0.015-0.03s. The average SNR of ambient is 2 dB in this 
experiment, the threshold is set to 3 dB for this analyse. The correlation result of raw data 
received at two sound stations both has low ambient and the SNR of received sound waves is 
much higher than ambient noise. The travel time of multiple arrival sound wave can be 
identified easily in this way. The correlation result shows that the M sequence modulated sound 
wave has good performance for short distance transmission in the experimental basin. 
Meanwhile this data also shows the flow basin, FloWave facility, can offer ideal testing bed 
for sound transmission. High SNR boundary reflected signals demonstrate the bottom concrete 
floor and wave maker paddles have strong reflection of high frequency sound wave.  
The correlation results are zoomed in to explore first few arrival peaks, which correspond to 
the direct arrival signal and boundary reflected ones. As shows in figure 6.11 the SNR of first 
arrival signal is 7-8 dB for each sound station. The surface and bottom reflected sound waves 
reach receiving station followed the direct arrival. The SNR for each ray path is different due 
to boundary reflection and water attenuation in the circular basin. Multi-path propagation 
signals can be identified with ray tracing programming. Mirror reflection theory can also be 
used in this experiment as the surface and bottom floor are both treated as a plane. The 
transmitted sound waves are reflected with boundary (water surface, bottom floor and wave 
maker paddles) in the circular basin. Only the first arrival (direct propagation sound wave) 
signal is used in this study for flow detail reconstruction in the horizontal plane. Surface and 
bottom reflections follow the first arrival signal and all of these signals have high SNR. The 
arrival signals following the first peak can be used for vertical layered analyse as analyse in 







Figure 6.10: correlation of received data and transmitted M sequence signal at station T1 (a) 
and T4 (b). The noise level is about 2 dB. Plenty of peaks are picked out when the threshold is 







Figure 6. 11: Zoom in of correlation data received at two acoustic stations. First arrival signal 
is between 0.015s and 0.016s. Strong water surface and bottom floor reflected sound waves 
can be identified. 
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6.4 Signal processing 
A pair of acoustic tomography stations are installed in the circular basin for sound transmission, 
these sound stations are named as S1 (T1) and S2 (T4). Flow direction is changed to seven 
directions to construct a 7-station sensing network with only two set acoustic tomography 
systems. Steady testing is conducted firstly with no flow current is generated in the basin. The 
signals acquired with steady test is used for system calibration. This method cannot be used in 
open water survey as complicate flow always exist and still water condition is impossible in 
ocean and flowing river. The flow current is changed continually after the steady testing to 
assimilate sound transmission along other ray paths in the sensing network. The travel time of 
sound waves along each transmission path can be identified using ray tracing programming. 
The sensing network is complete when all transmission is conducted along the sound 
transmission paths. Only the first arrival signal is used for flow detail reconstruction in a 
horizontal plane. The latter arrival signals can also be analysed for more detailed mapping of 
current velocity in the circular experimental basin. It is out of the range of this study and can 
be discussed in future research.  
The underwater acoustic tomography acquires arriving signal during steady testing and all 
other sound transmissions with flow current of different direction. The correlated data are 
stacked together (figure 6.12) to get flow information in the basin. The highest peak is picked 
out for each transmission marked with red circle (figure 6.12).  As shows in figure 6.10, the 
transmitted sound waves reach receiving station at about 0.015s and it last about 0.02s. The 
received data shows here focus on efficiency acoustic signals. All transmission data is shown 
at a time range from 0.01s before sound transmission to 0.05s after its transmission by the other 
station. It assures enough sound waves to be received with receivers as sound waves can be 
reflected by boundaries. First few receiving data is conducted without sound transmission, the 
highest peaks distribute in all time zone. These data are not considered in this study. Most of 
the highest peaks are at the range of 0.015-0.025s, gathering together to four groups. The first 
group of peaks are mainly contains direct arrival signal, surface or bottom reflected sound wave. 
The travel time of these peaks are mainly used in the underwater acoustic tomography research 
for this study. The latter three groups of peaks correspond to more complicated boundary 
reflected sound waves. Though not used in this study these peaks can also be identified with 
ray tracing for flow detail mapping in the experimental basin. The flow velocity can be mapped 








Figure 6.12: Correlation result of the received data at station S1 (a) and S2 (b) during the 







Figure 6.13: The signal strength mapping of all received data at station S1 (a) and S2 (b). 
Plenty groups of peaks appear after 0.015s. 
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All of the sound transmissions along ray paths are conducted continually, with different flow 
directions. To better explore the travel time of different sound waves the correlated data is 
plotted in figure 6.13. As the received data is correlated with transmitted M sequence 
modulated acoustic signal high pulse peak will appear when sound wave is received. The travel 
time of multi-path propagated sound wave can be determined with this method. The SNR of 
received data is clearly shown in this figure, it also shows the transmitting and receiving 
performance of sonar sensors used in underwater acoustic tomography system. Sound waves 
received at station S2 has higher SNR than that of station S1, it shows that the transmit 
sensitivity of the sonar sensor used in S1 is higher. Meanwhile, the SNR of ambient noise of 
two stations are both below 2dB. The M sequence used in this sound transmission experiment 
has good performance of noise suppressing.  The received data in the red dash box is received 
when steady testing is conducted. High SNR signal is received for the steady testing for both 
stations, which shows the ambient noise level is lower compared with flow testing. Multi-path 
propagated sound waves are receiving with higher SNR and can be clearly identified. 
Meanwhile, the received data shows above the red box in figure 6.13 are received data without 
sound transmission. It is the ambient noise of the circular basin, without any flow current in 
the tank. Ambient noise level is much higher when sound transmission is conducted with flow 
current in the basin. The uniform flow is pushed with 28 turbines installed underneath the 
testing floor, which will also bring ambient noise to the received data. The SNR level of 
ambient noise is much lower than received sound waves, which makes sound propagation path 
identifying possible for this sound transmission experiment in the circular basin.  
Generally, application of the 50-kHz CAT system to the 25m scale circular tank is hopeless to 
attain the sufficient accuracy of velocity measurement. In collaboration with Hiroshima 
University, the multi-repeat transmission program and the ring-buffer summation program for 
received data are newly constructed to increase largely the signal-to-noise ratio (SNR) of 
received data. The summation of 10-repeat signals is taken every transmission, using the CPU 
memory inside the system and the 10-repeat received data are compressed in the one-period 
(repeat) size of M sequence. Without the proposed data processing, application of acoustic 
tomography system to the 25m circular tank is unrealistic. The received data was correlated 
with the M-sequence, used in the transmission. Arrival peaks appear for the direct and wall-
reflected signals. To filter out the high frequency variation and increase the signal-to-noise 
ratio (SNR), 10 data moving average was applied. The moving-averaged signal has higher SNR 







Figure 6.14: Stack of the received data at station S1 (a) and S2 (b) with no current in the basin. 





                       (a)                                                                      (b) 
Figure 6.15: Stack of correlation result received at station T1 (a) and T4 (b) for path T1-T4. 
  
                       (a)                                                                      (b) 
Figure 6.16: Stack of correlation result received at station T2 (a) and T5 (b) for path T2-T5.   
  
                      (a)                                                                        (b) 




                      (a)                                                                         (b) 
Figure 6.18: Stack of correlation result received at station T4 (a) and T7 (b) for path T4-T7.  
  
                         (a)                                                                       (b) 
Figure 6.19: Stack of correlation result received at station T5 (a) and T1 (b) for path T5-T1.  
  
                        (a)                                                                     (b) 





Figure 6.21: Stack of correlation result received at station T7 (a) and T3 (b) for path T7-T3.  
The steady testing (no current is generated) is conducted in the circular tank for system 
calibration. The Figure 6.14 shows correlated result of received data with transmitted M 
sequence modulated signal. Multi-path propagations can be identified in this figure for two 
stations. First arrival signal (first peak) is identified with red circles for reciprocal sound 
transmission. The SNR of signal received at station S2 is higher than that of station S1, which 
shows the receiving sensitivity at S2 is a little better. The travel time of direct arrival sound 
wave is consistent in still water as no current is generated.  
This flow velocity testing experiment is conducted in the circular basin with a uniform flow 
current. As presented in former section, the flow direction is changed to generate a multi-station 
network with only two acoustic stations. The flow details is assume same for each direction’s 
steady flow. Plenty of transmissions are conducted for each direction in the steady flow with 
same flow velocity. The correlation result of received data at two stations along each sound 
transmission path is shown in figure 6.15 to figure 6.21. Sound transmission is conducted in 
the circular basin with seven different directions. Travel time of sound waves in the circular 
basin is affected with flow current, which is used in the flow velocity reconstruction. 
Meanwhile, multi-path sound propagation is affected by flow current with different direction. 
As the steady testing in the circular basin the received data for sound transmission along other 
ray path is different for two stations. The highest SNR for first arrival signal at station S2 is 
about 200 dB, which of station S1 is below 100dB. Only the travel time of sound waves 
propagated in the basin is used in this research for flow velocity profiling. The travel time of 




All of the acoustic signal received with two set of underwater acoustic tomography systems 
demonstrates that steady sound transmission can be conducted in the circular basin. This flow 
experimental tank offers a good testing bed for sound transmission, it can be used for sound 
channel analysing with sonar arrays. The received acoustic signals are of high SNR, they can 
be used in the flow velocity reconstruction work. The effect of flow current on the travel time 
of acoustic signal is relatively small compared to the transmission length difference of the 
multi-path propagating sound waves. At the same time the arrival peaks for all sound 
transmissions are steady, with almost same travel time. The sound strength of each transmission 
is similar when flow direction is fixed. The SNR varies when the flow direction changes even 
for the same sound propagation ray path. It shows the flow current has effect on the SNR of 
the received data. More detailed analysed of the received signal need to be completed to get 
the precise travel time of the sound waves propagated along different ray paths.  
6.5 Flow velocity mapping 
As shows in former section a uniform flow was generated in the basin by the combined control 
of inflow velocity of different vanes. Uniform flow was pushed in the circular tank with a 
velocity of 0.8m/s. Flow direction is changed during testing to construct multi-station sensing 
network using only two underwater acoustic tomography stations. A flow detail testing 
experiment with underwater acoustic tomography method was conducted in the circular tank 
to monitor the flow conditions. The circumference of the tank is divided into 7 segments 
equally. By changing the flow directions in turns the equidistant 7 station network is formed 
with only two underwater acoustic tomography systems. The travel time of the acoustic signal 
along 7 lines are obtained as the flow direction changes, it is used as input information in the 
inverse problem. 
Uniform flow condition is tested in this research, the flow condition in testing area is in some 
extend like a linear flow. To simply the central point is moved to (25, 25) in this coordinate 
system as the diameter of this circular basin is 25m. Grid width is set to 1m in this research, 
flow velocity at each grid is calculated by stream function. The number of all grids used in this 
research is 676, only the grids that located in the basin are taken into consideration as this tank 
is of circular shape. Second order of truncated Fourier series is used to calculate flow velocity 
in the experiment area. Flow velocity in the horizontal plane is reconstructed in the circular 






Figure 6.22: Reconstructed result of the flow current in the circular tank by acoustic 
tomography. Fixed point measurement of the flow current velocity was taken along the central 
line. The reconstructed velocity at the discrete point was interpolated from neighbour points.         
By solving the inverse problem with least squares method, the 2D flow on a horizontal slice is 
mapped in figure 6.22. Sound stations are presented as red circles, black solid lines show sound 
transmission paths in the network. The round way travel time of the sound wave was used to 
reconstruct flow current details in the tank. From the flow detail result shown in figure 6.22 we 
can see the nominal flow current was reconstructed with the acoustic tomography method. 
Uniform flow condition is assured in the central testing area, which is the main target of this 
research. 
This study also conducts fixed-point measurement of flow velocity with ADV in the central 
testing area. During the experiment fixed point direct measurement was taken in the middle of 
lines T4-T5, T3-T6 and T2-T7 with Vectrino (ADV). The current velocity measured by 
Vectrino (red vector) consistent with the acoustic tomography reconstructed result (green 
vector). This study shows that the acoustic tomography method could be used for small scale 
flow detail reconstruction particularly in the experimental tank. The inverted flow at middle of 
T2-T7, T3-T6 and T4-T5 was in good agreement with the ADV measurement data. The root 
mean square deviation at X axis is 0.1538, it is 0.199 along Y axis. It means this measurement 
has small error compared with the discrete measurement using ADV.  
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Figure 6.23:  Experimental design for the multi-station acoustic tomography network. Two 
CAT stations were deployed at T1 and T4. The flow direction changes at. 
As central testing area of this circular basin is of great importance to this flow testing facility 
the flow profile in this area is analysed in detail. Vectrino is installed in the middle of two 
sound stations during flow detail testing experiment as shows in figure 6.8. Flow velocity is 
also measured with Vectrino in those discrete positions, it is plotted in figure 6.23 with red 
arrows. The reconstructed flow details in the circular is interpolated in the discrete 
measurement positions, they are represented with green arrows. The root mean square 
deviation between Vectrino measurement and interpolated result along X axis is 0.25, it is 
0.367 along Y axis. This figure shows that flow details in the basin is reconstructed with 
underwater acoustic tomography technique with sound transmission. The error of this 
reconstructed result can be decreased by installing more stations in the tank. The resolution of 
result in the inverse problem-solving progress is determined with number of stations used in 
the network.  
The flow-field mapping results shows that the FloWave facility is an ideal test facility for 
offshore renewable energy platforms which can generate a steady uniform flow. The 
underwater acoustic tomography systems can enable quick mapping of flow progress in 
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comparison with the fixed- point measurement. The mapping of flow fields is performed every 
minute when the 7 underwater acoustic tomography stations are installed at the periphery of 
the tank for further research. The acoustic tomography is an innovative method for mapping 
flow fields that grow rapidly in the experimental tank. This experiment used two underwater 
acoustic tomography stations, composed of the system controller and the acoustic transceiver, 
to simulate a 7-station network by changing flow directions rather than the underwater acoustic 
tomography stations. As stated in chapter 2, the circular basin could generate flow in all 
directions and change the flow direction quickly. Changing flow is a time saving method with 
comparison of moving station as only 7min is needed to change the flow direction. The 
frequency of sound waves is of great importance in underwater acoustic tomography research. 
Sound frequency used in this system is 50 kHz, which can be improved to a higher level (200-
500k Hz) to get finer reconstructed result of the flow details. 
6.6 Conclusion and discussion 
This chapter explore flow details in the circular basin using acoustic tomography method. As 
discussed in chapter 2 the state-of-art wave/current experiment basin was designed for offshore 
renewable energy system model testing. To monitor flow condition in the basin a steady 
uniform flow field that generated in the circular experimental basin was studied with acoustic 
method in this study. Underwater acoustic tomography technique was at the first time applied 
for small scale flow velocity reconstruction in a horizontal plane within the experimental tank. 
The sophisticated design of this all-direction flow tank makes multi-station networking 
possible with only 2 sets of underwater acoustic tomography systems for the horizontal flow 
detail mapping. Multi-station sensing network is constructed in the circular basin using two 
sets of underwater acoustic tomography systems. Besides, fixed-point measurement was 
carried out in the central test area of the basin. The flow velocity is measured with ADV 
monitored fixed point flow condition continuously. Time resolution is determined by sound 
frequency, high frequency acoustic signal is transmitted in the basin and received by the other 
stations after short distance propagation. 20 period of signal is transmitted together and added 
up in the receiving side for higher SNR. GPS repeater is used to strengthen GPS signal during 
the flow experiment. Like sound transmission in chapter 5 multi-path propagation sound wave 
characteristic is also observed in the experiment using 50 kHz acoustic signal, which shows 
strong reflection of water surface and bottom floor. Only first arrival signal (direct propagate 
sound wave) is used in this study for flow details profiling in a horizontal plane. Other than 
moving stations in the circular basin by changing the flow current direction, a 7-station network 
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was constructed with two underwater acoustic tomography stations in the experiment. This 
experiment scheme is achieved due to repeatable is generated in the circular flow basin flowing 
with different direction. The 2D horizontal flow details was reconstructed by acoustic 
tomography method using travel time of sound waves reciprocal transmission. Reconstructed 
flow velocity is compared with the Vectrino measurement of flow velocity in the basin. The 
result was consistent with fixed point direct measurement with Vectrino, which shows acoustic 
tomography technique is a powerful method for flow detail monitoring in the whole tank.  
Flow details in the circular test basin is well analysed with sound wave transmission in this 
chapter. The FloWave facility can generate variety of actual ocean conditions for device 
development in ocean engineering. More detailed comparison of the results from these methods 
can be attempted. Considering the time resolution, more attention should be paid on higher 
frequency sound wave transmission for the flow condition monitoring in the experimental tank 
or other small-scale cases. By combining the horizontal and vertical slice inversions, three-
dimensional flow fields in the tank can be mapped by underwater acoustic tomography. Further 
effort is required for the velocity mapping of flow fields with acoustic tomography in the tank. 
This research also shows the large circular tank, FloWave is an ideal testing basin for offshore 
renewable energy facilities, which can generate repeatable steady flow. It can also be used for 
wave and flow current interaction analyse in the ocean flow dynamic research. Beside the flow 
velocity reconstruction in the circular basin, this method can also be used in other experimental 
tank and basin. Multi-station sensing network is constructed using only two acoustic stations 
in this research by changing flow direction in the circular basin. This research can be conducted 
is based on the particular design of the flow basin. More acoustic tomography stations can be 







Chapter 7  
Summary and discussion 
 
In the past few years acoustic tomography research mainly focuses on field work in the open 
water area [147]. Acoustic tomography research is developed to small scale flow detail 
profiling in the experimental tank here. This research, for the first time, explores flow details 
in experimental tank using underwater acoustic tomography system. This research using 
acoustic tomography method for small scale flow detail profiling, especially for flow velocity 
sensing. The experiments are mainly conducted in a circular experimental basin. The three-
dimensional model of the circular tank, FloWave facility is constructed, uniform flow is 
simulated in the basin. To monitor flow progress in the tank when, network sensing is 
conducted with acoustic tomography systems. Meanwhile, a new underwater acoustic 
tomography system is developed based on the coastal acoustic tomography system with 
corporation with Hiroshima University.  
To get the performance of coastal acoustic tomography system, a field work is conducted in 
open water. Meanwhile, the acoustic tomography method can also develop to flow details 
mapping in a region by combining horizontal mapping and vertical layer analyse of flow 
velocity. Tide detail in the Bali strait is also reconstructed with coastal acoustic tomography 
system. The multi-station sensing network is used to reconstruct the flow velocity mapping in 
the strait with acoustic tomography method.   
The coastal acoustic tomography system is modified for high frequency sound wave 
transmission in short distance. New broadband sonar sensor is choosing in this new system, 
which is suitable to high frequency sound wave transmitting and receiving. Horizontal flow 
velocity in the circular experimental tank is reconstructed with underwater acoustic 
tomography method using only two acoustic stations. The multi-station network is acquired 
with two acoustic tomography station by changing flow direction in the circular basin. The 
underwater acoustic tomography experiment conducted in this research shows that flow detail 
can be mapped with sound transmission method. This study also demonstrates that acoustic 





7.1 Summary and conclusion 
The circular basin and underwater acoustic tomography are introduced in chapter 2. Flow 
velocity in open waters and experimental tank can be obtained with discrete measurement and 
network sensing. ADV, ADCP and PIV are all normal kind of discrete measurement. 
Compared with discrete measurement of water parameter, acoustic tomography can take more 
detailed mapping continuously.  
A model of the FloWave facility is built and the flow condition is simulated. The circular 
experimental basin, FloWave facility is also introduced. It is designed to simulate various kinds 
of ocean conditions in laboratory. The three-dimensional model of this basin is constructed and 
uniform flow in the basin is simulated. This simulation shows the potential to generate 
complicate flow conditions of this experimental basin. A flume is simulated in this research to 
explore the performance of sub-vane, which is used in the FloWave facility. The vanes has 
different inlet angle to restrict input flow direction. Meanwhile, the outlet also has vanes to led 
water flow in particular direction. The circular basin works like a combination of some flume. 
By combined controlling of the inlet velocity complicate flow condition can be generated in 
the basin for ocean device testing.   
The tomography technique is widely used in medical imaging and engineering progress 
monitoring. Sound waves is used as media in tomography technique for resource surveying 
earthquake monitoring and weather forecasting. The acoustic tomography method is also 
proposed in sea water parameter sensing, which is a result of global climate’s changing. 
Acoustic tomography research in coastal area is developed by researchers in Hiroshima 
University. It is developed to strait, lake and river for flow detail profiling and water 
temperature mapping. Meanwhile, coastal acoustic tomography is also used to reconstruct 
sound speed distribution in certain area. Small scale underwater acoustic tomography is firstly 
developed here in an experimental tank. The underwater acoustic tomography technique is 
introduced in this chapter. Moreover, the new underwater acoustic tomography system that 
developed based on coastal acoustic tomography is presented here. This system is suitable to 
short distance sound transmission, which can be used in small scale acoustic tomography 
research. The sound frequency is modified to a much higher range for better time resolution. 
New broadband high frequency sonar sensor is choosing for this underwater acoustic 
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tomography. The test in FloWave facility of acoustic tomography shows that the circular basin 
has strong reflection of sound wave and it can be used for sound transmission.  
Sound wave propagation theory is introduced in the chapter 3. Sound propagation in water is 
in large extend affected by sound speed profile (SSP). The sound speed in water is mainly 
determined by water temperature, salinity and water depth. The ray tracing programming is 
also introduced in this chapter. The propagation path of sound waves can be tracked with ray 
tracing programming based on the sound transmission theory in water. The reciprocal travel 
time of acoustic signal is different when it transmits along and opposite the flow current. Steady 
flow velocity can be measured by the acoustic signal travel time difference when the distance 
is fixed. The horizontal flow details can be reconstructed with acoustic tomography method by 
constructing sensing network. The flow velocity is obtained by solving the inverse problems 
in the target area. The truncated Fourier series is used in this study for the flow velocity 
reconstruction. The vertical layered flow current velocity can be reconstructed if the multi-path 
propagation signals that transmitted along the vertical slice between two stations are picked 
out. The horizontal flow details however could be mapped with multiple station networking in 
the interested area by acoustic tomography method. The three-dimensional mapping of flow 
details can be achieved with combining the horizontal acoustic tomography research and 
vertical layered analysing of flow velocity. This method is used in the following chapters, 
where the flow details is reconstructed with acoustic tomography systems. 
Acoustic tomography research method is developed for water parameter sensing. It is applied 
in the field survey for flow detail sensing in the chapter 4. The tidal flow progress is 
reconstructed in the Bali strait with coastal acoustic tomography method. Indonesia is a country 
that laying in the middle of India Ocean and Pacific Ocean. It is an important channel for water 
and heat exchanging, which is a result of global climate changing. Air temperature variation of 
two zones causes water level difference, which leads to salinity and heat exchange in waters 
around Indonesia. The tide in Bali strait is quite strong as the inlet and outlet are both like a 
loud speaker mouth. To explore tide progress in the Bali strait four coastal acoustic tomography 
stations are installed at two sides of shore. Another 3 virtual station is introduced in this 
research, the boundary condition along shore is restricted with this method. Multi-path 
propagation sound waves are received at all four stations. The flow details in the Bali strait is 
reconstructed in a horizontal plane with acoustic tomography method by solving inverse 
problems. The tidal flow details are reconstructed with acoustic tomography in the Bali strait, 
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which also shows its potential of small-scale flow detail mapping in experimental tank and 
basin.  
Sound receiving hydrophone array can be used in the field work to assure multi-path arrival 
signal to be acquired. It a good method for flow progress remote sensing with acoustic 
tomography in open waters. Meanwhile, GPS position system is used in this study like ocean 
acoustic tomography research. This method can also be used in moving station acoustic 
tomography, where some acoustic tomography station is installed on moving vehicles (UUV, 
USV and boat). The moving station acoustic tomography is particularly making sense when 
limited station can be used. The position of moving station can be acquired with GPS 
positioning system when it constructing network with fixed station. This research explores tide 
progress in the Bali strait, where complicate flow style is generated due to its shape. It shows 
the acoustic tomography can be used in coastal area for flow detail monitoring. Ocean 
renewable research is developing quickly around coastal area. The acoustic tomography 
technique can be used in ocean flow resource searching and monitor flow progress in the 
interested area. Further research can be also be focused on offshore renewable energy farm 
monitoring. The interaction of ocean turbine and flowing sea water can be monitored 
continuously with help of telecommunication. 
A small scale underwater acoustic tomography experiment is presented in the chapter 5. The 
acoustic tomography technique is developed to a much smaller scale in a circular experimental 
flow detail charactering in a vertical slice. Two underwater acoustic tomography are installed 
in the circular basin for sound waves transmission. This experiment is the first test to conduct 
short distance sound transmission in the experimental basin. High frequency M sequence 
modulated sound waves are used in the experiment for high SNR. The sound transmission 
experiment that conducted in the circular basin demonstrates the sound propagation is steady. 
Multi-path propagation sound waves are received with the underwater acoustic tomography 
system, which demonstrate strong reflection of sound waves by bottom floor and surface. The 
water surface and bottom floor are treated as a plane, which can reflect sound wave as mirror. 
The mirror reflection theory and ray tracing programming can be used for sound path 
identifying. The ray tracing programming, TRACEO, is used here to identify the sound 
propagation path for each sound ray. 
Uniform flow is generated during the experiment with a same direction with the sound 
propagation path. The multi-path propagation sound waves are used in the inverse problem 
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solving. Layer averaged flow velocity is reconstructed along a sound transmission line in the 
circular basin. A Vectrino is used to measure the velocity distribution in the testing area with 
the same flow condition as this acoustic tomography experiment. The reconstructed flow 
velocity along sound transmission path consistent with the ADV measurements. This 
experiment shows that high frequency sound transmission can be conducted in the circular 
experimental basin. Steady sound channel exists in the flow basin, it can be used as sound 
transmission bed. Multi-path sound transmission assures enough sound information to be used 
in the acoustic tomography research. 2D horizontal acoustic tomography can use wall reflection 
for more information in the inverse problem.  
Underwater acoustic tomography method is used in a 2D horizontal plane in chapter 6. Flow 
velocity is reconstructed in the circular experimental basin with underwater acoustic 
tomography method. Two acoustic stations are used to construct a 7-station sensing network 
by changing the flow inlet direction, which is based on the ideal design of this circular tank. 
As shows in chapter 2 the flow basin can generate steady from all combined directions by 
controlling the speed of turbines that installed underneath testing floor. Uniform flow with a 
velocity of 0.8ms-1 is pushed from 7 different direction in this study. Besides flow detail 
mapping with sound waves, discrete point measurement of flow velocity in the basin is also 
conducted with a Vectrino. The Vectrino is installed in the middle of each sound transmission 
line. The flow velocity in the experimental basin is reconstructed by solving inverse problems 
using travel time difference of each sound reciprocal transmission. The inverse result has good 
agreement with the ADV measurement. This research demonstrates that the small scale 
underwater acoustic tomography can be used in testing tank or other experimental conditions 
for flow progress monitoring.  
As discussed in former section this project is the first trail to use underwater acoustic 
tomography method for flow detail profiling in the experiment tank. The small-scale acoustic 
tomography research is developed based on the technique applied in open waters (ocean, strait, 
lake and river). The biggest difference is the sound frequency of small-scale acoustic 
tomography is much higher. New underwater acoustic tomography is specially developed in 
this project for sound transmission in short distance. A pair of high frequency transceivers (up 
to 125 kHz) is used in this underwater acoustic tomography system for sound wave 
transmission and signal receiving. The frequency of sound wave used in this study is 50 kHz. 
Only two set of underwater acoustic tomography system and high frequency broadband sonar 
sensors are developed in this study due to the restrict of fund. The multi-station network sensing 
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system is achieved successfully by using the circular experimental basin cleverly. Further effort 
can be focus on constructing more underwater acoustic tomography system and acquire real 
time presenting of flow details in experimental tank. Meanwhile, higher frequency sonar sensor 
can be used in short distance sound waves transmission for higher time resolution, which is a 
key factor affecting inverse result. The flow type used in this research is uniform flow, which 
is normal and relatively simple in real ocean condition. More complicated flow condition can 
also be tested with this method to better monitor flow details in the experimental tank. This 
underwater acoustic tomography system can be used in flow progress monitoring when ocean 
structure is being tested in the testing bed in further research. 
7.2 Contributions  
This study explores the use of underwater acoustic tomography method for flow details 
mapping in the experimental tank FloWave TT. By overcoming some technique challenges and 
difficulties, this research is completed with efforts. The major contributions to knowledge are 
as follows: 
1. For the first time, acoustic tomography techniques have been used in an experimental 
tank to map the current. 
Model testing in the experimental tank is a critical progress for the ocean engineering 
system designing. To get flow details in the tank fixed point direct measurement 
equipment is always used, which is relativity slow and difficult to avoid disturbing the 
original interest field. By using tomography, one could get internal details of interest 
area with the non-contact method. The acoustic tomography technique is developed for 
water parameter variation monitoring in the deep sea, coastal area, inland lake and river 
[20,25-26,114,116,157-164]. The small scale underwater acoustic tomography method 
is for the first time used for flow current mapping in the experimental basin. It offers 
an efficiency choice for the real-time flow progress monitoring. 
2. High frequency acoustic tomography research for small scale flow detail profiling.  
High frequency sound waves are absorbed more rapidly than low frequency signals in 
the water. A low frequency acoustic signal, therefore, travels longer distance with 
smaller attenuation. In the mid-scale ocean acoustic tomography research, 
oceanographers use low frequency acoustic signal for long distance propagation. The 
use of low frequency sound wave also restricts the time resolution, which is a key factor 
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for acoustic tomography research. High frequency underwater acoustic tomography is 
used for flow detail reconstruction in this research. Steady signals and multi-path 
arrivals are identified with high time resolution.  
3. Improvement of acoustic tomography system 
The acoustic tomography system is mainly composed with central control system and 
transceiver (sonar sensor). The control system and the sonar sensor are combined 
together and deployed in the water for the self-contained system. These two parts are 
separated for land based coastal acoustic tomography and river acoustic tomography 
research. To conduct high frequency acoustic tomography experiment in the tank, the 
system is adapted to fulfil the requirement of small-scale research. Ring buffer is used 
for raw data storing and the filter is also modified. High frequency broadband sonar 
sensor is used for high frequency acoustic signal transmitting and receiving. This 
underwater acoustic tomography system could also be used in the short distance sound 
propagation research. 
4. Multi-station acoustic tomography simulation experiment using 2 stations.  
The FloWave facility is a specially designed circular basin that generates steadily 
flowing current in any relative directions. 28 impellers are installed along 
circumference underneath the testing floor. It could simulate steady flow from different 
direction by combined control of pumps. 2 acoustic tomography stations are deployed 
in the basin for reciprocal sound transmission. It works as other pairs of stations round-
way transmitting sound wave in the basin when changes the flow direction. In this way 
multi-station network is constructed. The flow details are reconstructed by acoustic 
tomography method in the experimental basin with network sensing. It demonstrates 
that small scale multi-station acoustic tomography network could be used in the 
experimental tank for real-time flow detail profiling, which is a research topic for the 
small scale underwater acoustic tomography. 
5. Ray tracing in the experimental tank for acoustic signal peak tracking 
In the oceanography research, low frequency sound wave is used for long range 
propagation and it could be detected by hydrophone. Unlike light propagating in the air, 
sound wave always travel along arc path as the sound speed changes in different depth. 
Ray tracing programming is used to study how sound wave propagate in the water. The 
expected attenuation, launch angle, arrival angle and travel time of signals could be 
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simulated with ray tracing. The underwater acoustic tomography research mainly uses 
travel time of sound wave for water parameter variation sensing. The ray tracing 
programming TRACO is used here for peak tracking in the circular basin. Steady signal 
are detected in the experimental tank. Different arrival peaks are identified according 
to the expected travel time. The ray tracing of signals propagating along different path 
in the basin make it possible for the flow velocity vertical layered analysis.  
6. Use acoustic tomography method for flow details reconstruction in a 2D horizontal 
plane and vertical slice in shallow water. 
After long range propagation multi-path arrival signal is detected with vertical 
hydrophone array in the deep sea. For the coastal acoustic tomography research, it’s 
normally difficult to get steady multi-path arrival signal due to restrict of surface and 
bottom. The steady arrival peaks that transmit along different path are identified by ray 
tracing in the experimental tank. Two single acoustic transceivers are used in this study 
for vertical layered analyse of flow current. By changing the flow direction, a multi-
station acoustic tomography network is constructed, 2D horizontal detail of the flow 
current is mapped in the tank. The flow details in the whole circular basin is 
reconstructed with underwater acoustic tomography method by combining vertical 
layered analyse and horizontal mapping of flow current velocity. It’s a big progress for 
the underwater acoustic tomography research, flow velocity measuring and 
experimental tank developing. 
7.3 Future work 
This project not only develop a new underwater acoustic tomography system, this method is 
also applied in a new condition for flow detail sensing. The outcome and breakthroughs have 
been discussed in former chapters. By the restriction of time, there still has some work to do, 
such as more detailed flow testing, system design and signal analyse. To further develop the 
acoustic tomography in small scales and use it in the experimental tank testing, more work 
should be conducted. Considering the research in this thesis furthers stage of work can be 
focused on following aspects:  
1. New self-contained flow progress monitoring system  
Ocean acoustic tomography method is firstly proposed for remote sensing of sea water 
temperature with certain number of sound stations. The large scale and long distance in the 
ocean determine discrete sound station is used and construct a network with telecommunication 
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technique. The position of sound station is acquired with GPS system and all sound stations 
are synchronised by GPS timing. In short distance transmission or laboratory testing integrated 
system can be used for real time showing of inverse result. Figure 8.1 shows a self-contained 
flow detail online monitoring system with underwater acoustic tomography that to be used in 
the FloWave facility. High frequency sonar sensors are installed in the experimental tank and 
construct a multi-station sensing network. The acoustic station is controlled by the central 
system for sound wave transmitting and receiving. All the sound stations can be synchronized 
easily with the control system. The acquired data is transported to computer for inverse problem 
solving, inversed flow detail can be presented continuously with screen. The online f system 
offers a new method for low progress monitoring in experimental tank and basin. This system 
can also be used in other experimental tank and small-scale flow testing condition, especially 
in Flume testing. New system can be developed for particular application in other small-scale 
acoustic tomography research.   
In the ocean acoustic tomography, sound station will include a low frequency sound source and 
a hydrophone array. The sound source transmit low frequency sound waves with high strength 
and the hydrophone array can increase the SNR with array signal processing. By install vertical 
sensor array the weak signal that propagate along a long distance can be picked out with 
beamforming. For slow variation progress in ocean, this system can work well as after sound 
transmission the control system can change to receive model. The long-distance transmission 
allows enough time for the model changing. The sound sensor used in this research however is 
high frequency broadband transceiver, this means it can not only transmit sound waves and 
also can receive arrived signal. The transceiver can only transmit or receive sound wave at one 
time, it cannot acquire acoustic signal while transmitting. In the short distance sound wave 
transmission, travel time of acoustic signal is quite short. Meanwhile, fast varying flow 
progress need high speed acquiring of flow velocity mapping. Especially for ocean structure 
testing, small scale flow detail will change rapidly, which has high requirement of data 
acquiring speed. Therefore, sound source and hydrophone can be used together at one sound 
station. Sound source only transmit sound source continuously and received signal is acquired 
with hydrophone. The sound travel time of every transmission can be used in flow detail 
mapping with acoustic tomography method. Furthermore, vertical sonar array can be applied 
at each sound station to get more multipath propagation signal along different ray paths. The 




Like discrete measurement spatial resolution of network sensing is determined by number of 
measurements, this means more information acquiring will lead to higher resolution result. The 
tide flow reconstruction experiment In the Bali strait uses four station and put in three virtual 
station. The virtual station brings restrict around the boundary condition along shore. 
Meanwhile, fast varying flow progress within small area require high spatial resolution in the 
small scale underwater acoustic tomography research. The number of acoustic stations will 
restrict the inverse result when it is used in the fast-changing flow condition. More acoustic 
station can be installed in the flow current profiling system to get more detailed inverse result 
of velocity mapping.  
As shows, the attenuation of sound wave increases with frequency when transmit in a same 
distance. Low frequency sound source is used in ocean acoustic tomography research, where 
SNR should be assured to get enough sound information. The accuracy of inversed result is 
determined by time accuracy of transmitted acoustic signal. In short distance sound 
transmission experiment however high frequency sonar sensor can be used for higher time 
resolution. The sound wave frequency used in this research is 50 kHz, which is restricted by 
hardware system.  Higher frequency (200 kHz-500 kHz) can be used in short distance (within 
100m) sound transmission experiment, which is in the range of most experimental tank and 
basin. Meanwhile, the high frequency sonar sensor also requires some modification of the 
underwater acoustic tomography system. It mainly contains the transmit power transfer, filter 
and data acquiring speed. 
 
Figure 7.1: Real-time flow progress monitor system. This system uses multi-station 
underwater acoustic tomography system for flow detail sensing. Control system can transmit 
and receive acoustic signal with sonar sensor. Inversed flow velocity is showed continuously 
with screen.  
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2. New function used for inverse problem solving 
The truncated Fourier series is used for the stream function calculation, the flow velocity in 
interest area can be obtained if stream function is determined. More complicate function can 
be used in the flow velocity reconstruction, Chebyshev and Bessel function for example.  Those 
function can be used in the velocity calculation when the boundary condition have strong effect 
on the flow condition. Some function is used in inverse problem for other type of tomography 
research. The radial basis function is used for the inverse problem solving in acoustic 
tomography research [165-168]. The air temperature is monitored with acoustic tomography 
systems using this method. The radial basis function can also be used in flow detail profiling 
in the underwater acoustic tomography research. This research focus on flow details in a 
horizontal plane with stream function, this method can also be used in the vertical slice. The 
flow details in a water column can be monitored by combining horizontal and vertical slice. 
More complicated stream function and function can be applied in the inverse problem for 
acoustic tomography research. Moreover, as those functions is suitable to flow detail 
charactering, they will have good performance when they are used in three-dimensional flow 
details reconstruction.   
3. More detailed mapping of the flow current.   
Flow details in the circular basin is explored with sound transmission method. To map the 
current velocity distribution in the flow basin underwater acoustic tomography technique is 
used in the experimental tank. A steady uniform is generated, the flow condition in the flow 
basin is controllable. The uniform flow can simulate tide current in open water, which is of 
great importance to offshore renewable energy research. The testing area of this circular basin 
is in the central area, where steady flow condition is assured around. The flow condition in the 
FloWave facility is quite complicate around the vertical wall as it has interaction with boundary. 
The sound transmission across central area brings much information about flow in the basin 
and can be used in the inverse problem-solving progress. This circular experimental basin can 
generate kinds of flow states in ocean. More complicate flow condition can be analysed using 
underwater acoustic tomography technique. This technique can be used in the experimental 
basin for flow condition monitoring.  
This research focus on the flow conditions in the circular basin, FloWave facility. The exquisite 
design of this flow basin makes multi-station network possible with only two underwater 
acoustic tomography systems. This experiment scheme is designed base on the excellent 
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performance of the circular basin. Repeatable steady flow condition can be generated in all 
directions. Real multi-station network sensing of flow details can be achieved using more 
acoustic tomography stations in the testing tank.  Meanwhile, there has many experimental 
tanks and basins that with other shape other than circular, rectangle tank and flume for example. 
This small scale underwater acoustic tomography technique introduced in this study can also 
be used in other experimental basins and tanks. The flow condition will have strong interaction 
around boundary of flow tanks, more acoustic stations will be needed to profile the complicate 
flow velocity.  
4. Ray tracing in the horizontal plane to get more information from arrival signals. 
As shows in figure 8.2 two sound station are installed in the experimental tank. The FloWave 
has strong reflection of sound waves in the boundary, including vertical wall (paddles). When 
wall reflected sound, wave propagate in the circular basin its travel time is affected by flow 
current, which is the principle of acoustic tomography. In this way, the wall reflection sound 
wave can be used to inverse problem solving in the underwater acoustic tomography research. 
As discussed in former chapter, different arrival peaks can be identified with ray tracing 
programming. By ray tracing in the horizontal plane arrival signals propagate along different 
ray path can be identified and the travel time difference in the reciprocal sound transmission 
along this ray path can be used in the horizontal flow detail reconstruction [136].   
Meanwhile, the wall reflected sound waves can also be used together with direct arrival 
acoustic signal in the multi-station sensing network. It works as more sound stations are 
installed in the sensing network. In this case, it will bring much more information in the 
acoustic tomography research for better inverse result of flow details. It can improve the spatial 
resolution of the network without adding extra acoustic stations. The resolution of inverse 
result will be largely improved in this method. Similarly, horizontal wall reflection signal can 
also be used in the acoustic tomography research in another experimental tank or basin. More 






Figure 7.2: Horizontal ray tracing in the circular experimental basin. Besides water surface 
and bottom floor reflection sound wave is also reflected by wall (paddles) of the circular basin. 
Multi-path propagation signal that reflected by wall of different contact number is plotted with 
different colour. The dark blue line indicates direct propagate sound wave. Flow detail in the 
horizontal plane can be reconstructed with only few acoustic tomography stations. 
5. Wave and flow current reconstruction   
Wave is normally measured with remote sensing system; it can also be detected using acoustic 
tomography system. Meanwhile, the FloWave facility is designed to generate wave and flow 
current in all directions. Complicate type of flow current and surface wave can be generated 
simultaneously, which offers an ideal testing bed for flow current and wave interaction 
charactering. The wave and current interaction can be explored in the circular experimental 
flow basin with sound transmission. This underwater acoustic tomography system can be used 
in small scale flow wave and current profiling.  
Coastal acoustic tomography technique can also be applied to characterise the flow detail 
around offshore renewable energy farms. Before installing offshore renewable energy devices 
in ocean the flow condition around interest area needs to be surveyed. The acoustic tomography 
system can be installed around interest zone to monitor flow details. Meanwhile, the working 
progress can also be sensed with sound transmission method. The moving station can be used 
in open water acoustic tomography survey to get more detailed mapping of water parameter 
distribution. For slow changing field the moving station network can be constructed with 
limited number of acoustic tomography systems. In recent years the moving station has been 
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used in ocean parameter charactering using moving vehicle [167-169]. This method can also 
be considered in coastal acoustic tomography research and small scale underwater acoustic 















[1] Butman, Cheryl Ann, Judith P. Grassle, and Christine M. Webb. "Substrate choices made 
by marine larvae settling in still water and in a flume flow." Nature 333, no. 6175 (1988): 771. 
[2] Shi, Z., J. S. Pethick, and K. Pye. "Flow structure in and above the various heights of a 
saltmarsh canopy: a laboratory flume study." Journal of Coastal Research (1995): 1204-1209. 
[3] Jonsson, Per R., Carl André, and Mats Lindegarth. "Swimming behaviour of marine bivalve 
larvae in a flume boundary-layer flow: evidence for near-bottom confinement." Marine 
Ecology Progress Series (1991): 67-76. 
[4] Viselli, Anthony M., Andrew J. Goupee, and Habib J. Dagher. "Model test of a 1: 8-scale 
floating wind turbine offshore in the gulf of maine." Journal of Offshore Mechanics and Arctic 
Engineering 137, no. 4 (2015): 041901. 
[5] Koo, Bonjun J., Andrew J. Goupee, Richard W. Kimball, and Kostas F. Lambrakos. "Model 
tests for a floating wind turbine on three different floaters." Journal of Offshore Mechanics and 
Arctic Engineering 136, no. 2 (2014): 020907. 
[6] Vantorre, Marc, Ellada Verzhbitskaya, and Erik Laforce. "Model test based formulations of 
ship-ship interaction forces." Ship Technology Research 49 (2002): 124-141. 
[7] Goda, Kunio, Takeshi Miyamoto, and Yoshiyuki YAMAMOTO. "A Study of Shipping 
Water Pressure on Deck by Two-Dimensional Ship Model Test." Naval Architecture and Ocean 
Engineering 17 (1979). 
[8] Ingram, David, Robin Wallace, Adam Robinson, and Ian Bryden. "The design and 
commissioning of the first, circular, combined current and wave test basin." Flow3d. 
com (2014). 
[9] Noble, D. R., Thomas Davey, H. C. M. Smith, Panagiotis Kaklis, Adam Robinson, and Tom 
Bruce. "Spatial variation in currents generated in the FloWave Ocean Energy Research 
Facility." In 11th European Wave and Tidal Energy Conference, Nantes, France, pp. 1-8. 2015. 
[10] Robinson, Adam, David Ingram, Ian Bryden, and Tom Bruce. "The generation of 3D flows 
in a combined current and wave tank." Ocean Engineering 93 (2015): 1-10. 
[11] Munk, Walter, and Carl Wunsch. "Ocean acoustic tomography: A scheme for large scale 
150 
 
monitoring." Deep Sea Research Part A. Oceanographic Research Papers 26, no. 2 (1979): 
123-161. 
[12] Wang, Lihong V. "Ultrasound-mediated biophotonic imaging: a review of acousto-optical 
tomography and photo-acoustic tomography." Disease markers 19, no. 2, 3 (2004): 123-138. 
[13] Tolstoy, A., O. Diachok, and L. N. Frazer. "Acoustic tomography via matched field 
processing." The Journal of the Acoustical Society of America 89, no. 3 (1991): 1119-1127. 
[14] Levent Degertekin, F., Jun Pei, Butrus T. Khuri‐Yakub, and Krishna C. Saraswat. "In situ 
acoustic temperature tomography of semiconductor wafers." Applied physics letters64, no. 11 
(1994): 1338-1340. 
[15] Justice, J. H., A. A. Vassiliou, S. Singh, J. D. Logel, P. A. Hansen, B. R. Hall, P. R. Hutt, 
and J. J. Solanki. "Acoustic tomography for monitoring enhanced oil recovery." The Leading 
Edge 8, no. 2 (1989): 12-19. 
[16] Noble, Donald, et al. "Wave-current interactions at the FloWave Ocean Energy Research 
Facility." EGU General Assembly Conference Abstracts. Vol. 17. 2015. 
[17] Boyle, Godfrey. "Renewable energy." Renewable Energy, by Edited by Godfrey Boyle, pp. 
456. Oxford University Press, May 2004. ISBN-10: 0199261784. ISBN-13: 9780199261789 
(2004): 456.. 
[18] Carniello, Luca, Andrea D’Alpaos, and Andrea Defina. "Modeling wind waves and tidal 
flows in shallow micro-tidal basins." Estuarine, Coastal and Shelf Science 92.2 (2011): 263-
276. 
[19] Buzug, Thorsten M. "Computed tomography." Springer Handbook of Medical Technology. 
Springer, Berlin, Heidelberg, 2011. 311-342. 
[20] Behringer, D., T. Birdsall, M. Brown, B. Cornuelle, R. Heinmiller, R. Knox, K. Metzger 
et al. "A demonstration of ocean acoustic tomography." Nature 299, no. 5879 (1982): 121.  
[21] Dushaw, B., A. Forbes, F. Gaillard, A. Gavrilov, J. Gould, B. Howe, M. Lawrence et al. 
"Observing the ocean in the 2000‘s: A strategy for the role of acoustic tomography in ocean 
climate observation." In In: Koblinsky, CJ, and NR Smith (Eds.): Observing the Oceans in the 
21st Century. GODAE Project Office and Bureau of Meteorology. 2001. 
[22] Itoh, Takao, Takashi Kamoshida, Tomio Shinke, Naohiro Kimata, Akio Kaya, H. Fujimori, 
T. Nakamura, and I. Nakano. "1000-km range 2 dimensional ocean acoustic tomography near 
Japan." In OCEANS'95. MTS/IEEE. Challenges of Our Changing Global Environment. 
Conference Proceedings., vol. 3, pp. 1459-1468. IEEE, 1995. [23]Taniguchi, Naokazu, Chen-
Fen Huang, Arata Kaneko, Cho-Teng Liu, Bruce M. Howe, Yu-Huai Wang, Yih Yang, Ju Lin, 
Xiao-Hua Zhu, and Noriaki Gohda. "Measuring the Kuroshio Current with ocean acoustic 
151 
 
tomography." The Journal of the Acoustical Society of America 134, no. 4 (2013): 3272-3281. 
[24] Fujimori, Hidetoshi, Iwao Nakano, Toshiaki Nakamura, Guan Yuan, Kazuo Barada, 
Yoshimitsu Maejima, Takashi Kamoshida, and Akio Kaya. "1000 km square scale tomography 
experiment in the Kuroshio extension area using 200 Hz ocean acoustic tomography system." 
In Underwater Technology, 1998. Proceedings of the 1998 International Symposium on, pp. 
43-46. IEEE, 1998. 
[25] Park, Jae‐Hun, and Arata Kaneko. "Assimilation of coastal acoustic tomography data into 
a barotropic ocean model." Geophysical research letters 27, no. 20 (2000): 3373-3376.  
[26] Kaneko, Arata, Keisuke Yamaguchi, Tokuo Yamamoto, Noriaki Gohda, Hong Zheng, 
Fadli Syamsudin, Ju Lin et al. "A coastal acoustic tomography experiment in the Tokyo 
Bay." Acta Oceanologica Sinica 24, no. 1 (2005): 86-94.  
[27] Yamoaka, Haruhiko, Arata Kaneko, Jae-Hun Park, Hong Zheng, Noriaki Gohda, Tadashi 
Takano, Xiao-Hua Zhu, and Yoshio Takasugi. "Coastal acoustic tomography system and its 
field application." IEEE journal of oceanic engineering 27, no. 2 (2002): 283-295.  
[28] Lin, Ju, Arata Kaneko, Noriaki Gohda, and Keisuke Yamaguchi. "Accurate imaging and 
prediction of Kanmon Strait tidal current structures by the coastal acoustic tomography 
data." Geophysical research letters 32, no. 14 (2005).  
[29] Adityawarman, Yudi, Arata Kaneko, Naokazu Taniguchi, Hidemi Mutsuda, and Noriaki 
Gohda. "Reciprocal sound transmission measurement of the 5-day temperature variation in the 
Kurushima Strait." Acoustical Science and Technology33, no. 1 (2012): 59-63.  
[30] Adityawarman, Yudi, Arata Kaneko, Koji Nakano, Naokazu Taniguchi, Katsuaki Komai, 
Xinyu Guo, and Noriaki Gohda. "Reciprocal sound transmission measurement of mean current 
and temperature variations in the central part (Aki-nada) of the Seto Inland Sea, 
Japan." Journal of oceanography 67, no. 2 (2011): 173-182.  
[31] Zheng, Hong, Noriaki Gohda, Hideaki Noguchi, Toshimichi Ito, Haruhiko Yamaoka, 
Tadashi Tamura, Yoshio Takasugi, and Arata Kaneko. "Reciprocal sound transmission 
experiment for current measurement in the Seto Inland Sea, Japan." Journal of 
Oceanography 53 (1997): 117-128. 
[32] Zhang, Chuanzheng, Arata Kaneko, Xiao‐Hua Zhu, and Noriaki Gohda. "Tomographic 
mapping of a coastal upwelling and the associated diurnal internal tides in Hiroshima Bay, 
Japan." Journal of Geophysical Research: Oceans 120, no. 6 (2015): 4288-4305. 
[33] Razaz, Mahdi, Kiyosi Kawanisi, Ioan Nistor, and Soroosh Sharifi. "An acoustic travel 
time method for continuous velocity monitoring in shallow tidal streams." Water Resources 
Research 49, no. 8 (2013): 4885-4899.  
152 
 
[34] Kawanisi, Kiyosi, Mahdi Razaz, S. Watanabe, A. Kaneko, and Tomoyuki Abe. "An 
innovative methodology/technology for streamflow observation." River Flow 2010 (2014): 
1741-1748.  
[35] Razaz, Mahdi, Len Zedel, Alex Hay, Kiyosi Kawanisi, and Noriaki Goda. "Application of 
acoustic tomography in shallow waters." In Current, Waves and Turbulence Measurement 
(CWTM), 2015 IEEE/OES Eleventh, pp. 1-6. IEEE, 2015.  
[36] Razaz, Mahdi, Kiyosi Kawanisi, Arata Kaneko, and Ioan Nistor. "Application of acoustic 
tomography to reconstruct the horizontal flow velocity field in a shallow river." Water 
Resources Research 51, no. 12 (2015): 9665-9678.  
[37] Kawanisi, K., M. Razaz, K. Ishikawa, J. Yano, and M. Soltaniasl. "Continuous 
measurements of flow rate in a shallow gravel‐bed river by a new acoustic system." Water 
Resources Research 48, no. 5 (2012).  
[38] Kawanisi, Kiyosi, Masoud Bahrainimotlagh, Al Sawaf, Mohamad Basel, and Mahdi 
Razaz. "High‐frequency streamflow acquisition and bed level/flow angle estimates in a 
mountainous river using shallow‐water acoustic tomography." Hydrological Processes 30, no. 
13 (2016): 2247-2254.  
[39] Kawanisi, Kiyosi, Mahdi Razaz, Arata Kaneko, and Satoshi Watanabe. "Long-term 
measurement of stream flow and salinity in a tidal river by the use of the fluvial acoustic 
tomography system." Journal of Hydrology 380, no. 1-2 (2010): 74-81. 
[40]Mehta, Ravi Datt, and Peter Bradshaw. "Design rules for small low speed wind tunnels." 
The Aeronautical Journal 83.827 (1979): 443-453.  
[41] Baals, Donald D. Wind tunnels of NASA. Vol. 440. Scientific and Technical Information 
Branch, National Aeronautics and Space Administration, 1981. 
[42] Ashkenas, Harry, and Frederick S. Sherman. "Structure and utilization of supersonic free 
jets in low density wind tunnels." (1965). 
[43] Kaldellis, John K., ed. Stand-alone and hybrid wind energy systems: technology, energy 
storage and applications. Elsevier, 2010. 
[44] Taylor, J. R. M., M. Rea, and D. J. Rogers. "The Edinburgh curved tank." In 5th European 
Wave Energy Conference, Cork, Ireland, pp. 307-314. 2003. 
[45] Cruz, João MBP, Remy RC Pascal, and Jamie RM Taylor. "Characterization of the Wave 
Profile in the Edinburgh Curved Tank." In 25th International Conference on Offshore 
Mechanics and Arctic Engineering, pp. 1-10. American Society of Mechanical Engineers, 2006.  
[46] Gyongy, Istvan, Jean-Baptiste Richon, Tom Bruce, and Ian Bryden. "Validation of a 
153 
 
hydrodynamic model for a curved, multi-paddle wave tank." Applied Ocean Research 44 
(2014): 39-52.  
[47] Draycott, S., T. Davey, D. M. Ingram, J. Lawrence, A. Day, and L. Johanning. "Applying 
site-specific resource assessment: emulation of representative EMEC seas in the FloWave 
facility." In The Twenty-fifth International Ocean and Polar Engineering Conference. 
International Society of Offshore and Polar Engineers, 2015. [48] Draycott, S., T. Davey, D. 
M. Ingram, J. Lawrence, L. Johanning, A. Day, J. Steynor, and D. R. Noble. "Applying site 
specific resource assessment: methodologies for replicating real seas in the FloWave facility." 
In Proceedings of the 5th International Conference on Ocean Energy, Halifax, Canada. 2014. 
[49] Vogel, Steven, and Michael LaBarbera. "Simple flow tanks for research and teaching." 
Bioscience 28.10 (1978): 638-643.  
[50] Kresta, Suzanne M., and Philip E. Wood. "Prediction of the three‐dimensional turbulent 
flow in stirred tanks." AIChE journal 37.3 (1991): 448-460. 
[51] Taylor, J. R. M., M. Rea, and D. J. Rogers. "The Edinburgh curved tank." 5th European Wave 
Energy Conference, Cork, Ireland. 2003. 
[52] Pascal, Rémy, et al. "Assessing and improving the Edinburgh curved wave tank." The 
Nineteenth International Offshore and Polar Engineering Conference. International Society of 
Offshore and Polar Engineers, 2009.  
[53] Robinson, Adam, Jean-Baptiste Richon, Ian Bryden, Tom Bruce, and David Ingram. 
"Vertical mixing layer development." European Journal of Mechanics-B/Fluids 43 (2014): 76-
84. 
[54] Robinson, Adam, Ian Bryden, David Ingram, and Tom Bruce. "The use of conditioned 
axial flow impellers to generate a current in test tanks." Ocean Engineering 75 (2014): 37-45. 
[55] Rahmstorf, Stefan. "Thermohaline circulation: The current climate." Nature 421.6924 
(2003): 699.  
[56] Rahmstorf, Stefan. "Risk of sea-change in the Atlantic." Nature 388.6645 (1997): 825.  
[57] Toggweiler, J. Rꎬ, and Joellen Russell. "Ocean circulation in a warming climate." Nature 
451.7176 (2008): 286. 
[58] Paduan, Jeffrey D., and Libe Washburn. "High-frequency radar observations of ocean 
surface currents." Annual review of marine science 5 (2013): 115-136.  
[59] Paduan, Jeffrey D., et al. "Calibration and validation of direction-finding high-frequency 
radar ocean surface current observations." IEEE Journal of Oceanic Engineering 31.4 (2006): 
862-875.  
[60] Ferguson, Randolph L., L. L. Wood, and D. B. Graham. "Monitoring spatial change in 
154 
 
seagrass habitat with aerial photography." Photogrammetric Engineering and Remote Sensing 
59.6 (1993).  
[61] Barwis, John H. Catalog of tidal inlet aerial photography. No. 2. Army Engineer 
Waterways Experiment Station, Department of the Army Corps of Engineers, 1975. 
[62] Carruthers, J. N. "A new automatic current float." The International Hydrographic Review 
2 (1954).  
[63] Duhec, Aurélie V., et al. "Composition and potential origin of marine debris stranded in 
the Western Indian Ocean on remote Alphonse Island, Seychelles." Marine pollution bulletin 
96.1-2 (2015): 76-86. 
[64] Willert, Christian E., and Morteza Gharib. "Digital particle image velocimetry." 
Experiments in fluids 10.4 (1991): 181-193.  
[65] Santiago, Juan G., et al. "A particle image velocimetry system for microfluidics." 
Experiments in fluids 25.4 (1998): 316-319. 
[66] Lane, S. N., P. M. Biron, K. F. Bradbrook, J. B. Butler, J. H. Chandler, M. D. Crowell, S. 
J. McLelland, K. S. Richards, and A. G. Roy. "Three‐dimensional measurement of river 
channel flow processes using acoustic Doppler velocimetry." Earth Surface Processes and 
Landforms: The Journal of the British Geomorphological Group 23, no. 13 (1998): 1247-1267.  
[67] Zimmerman, Douglas J., and Frank D. Dorman. "Electromagnetic flow meter." U.S. Patent 
5,325,728, issued July 5, 1994. 
[68] Brumley, Blair H., et al. "Performance of a broad-band acoustic Doppler current profiler." 
IEEE Journal of Oceanic Engineering 16.4 (1991): 402-407. 
[69] Geyer, W. Rockwell, and Richard Signell. "Measurements of tidal flow around a headland 
with a shipboard acoustic Doppler current profiler." Journal of Geophysical Research: Oceans 
95.C3 (1990): 3189-3197.  
[70] Simpson, Michael R. Discharge measurements using a broad-band acoustic Doppler 
current profiler. Reston: US Department of the Interior, US Geological Survey, 2001. 
[71] Chanson, Hubert, Mark Trevethan, and Shin-ichi Aoki. "Acoustic Doppler velocimetry 
(ADV) in small estuary: field experience and signal post-processing." Flow Measurement and 
Instrumentation 19.5 (2008): 307-313. 
[72] Lohrmann, Atle, Ramon Cabrera, and Nicholas C. Kraus. "Acoustic-Doppler velocimeter 
(ADV) for laboratory use." Fundamentals and advancements in hydraulic measurements and 
experimentation. ASCE, 1994. 
[73] Adrian, R. J., and C. S. Yao. "Power spectra of fluid velocities measured by laser Doppler 
velocimetry." Experiments in Fluids 5.1 (1986): 17-28. 
155 
 
[74] Elsinga, Gerrit E., et al. "Tomographic particle image velocimetry." Experiments in fluids 
41.6 (2006): 933-947. 
[75] Adrian, Ronald J. "Twenty years of particle image velocimetry." Experiments in fluids 
39.2 (2005): 159-169. 
[76] Jamieson, E. C., et al. "3‐D flow and scour near a submerged wing dike: ADCP 
measurements on the Missouri River." Water Resources Research 47.7 (2011).  
[77] Kim, Yong H., and George Voulgaris. "Estimation of suspended sediment concentration 
in estuarine environments using acoustic backscatter from an ADCP." Proceedings of Coastal 
Sediments. Vol. 3. 2003. 
[78] Fischer, Jürgen, and Martin Visbeck. "Deep velocity profiling with self-contained 
ADCPs." Journal of Atmospheric and Oceanic Technology 10.5 (1993): 764-773. 
[79] González-Castro, Juan A., and Marian Muste. "Framework for estimating uncertainty of 
ADCP measurements from a moving boat by standardized uncertainty analysis." Journal of 
Hydraulic Engineering 133.12 (2007): 1390-1410. 
[80] Kashino, Yuji, et al. "Ocean variability north of New Guinea derived from TRITON buoy 
data." Journal of oceanography 63.4 (2007): 545-559.  
[81] Dally, William R., and M. E. Leadon. "Comparison of deep-water ADCP and NDBC buoy 
measurements to hindcast parameters." Report submitted to the US Army Corps of Engineers, 
Jacksonville District (2003). 
[82] Huang, Huan, Daqi Zhu, and Feng Ding. "Dynamic task assignment and path planning for 
multi-AUV system in variable ocean current environment." Journal of intelligent & robotic 
systems 74.3-4 (2014): 999-1012.  
[83] Moe, Signe, et al. "Line-of-sight curved path following for underactuated USVs and AUVs 
in the horizontal plane under the influence of ocean currents." 2016 24th Mediterranean 
Conference on Control and Automation (MED). IEEE, 2016.  
[84] MA, Tian-yu, et al. "An outline of current status and development of the multiple USV 
cooperation system." Ship Science and technology 6 (2014): 3.  
[85] Toal, Daniel, Edin Omerdic, and Gerard Dooly. "Precision navigation sensors facilitate 
full auto pilot control of Smart ROV for ocean energy applications." Sensors, 2011 ieee. IEEE, 
2011. 
[86] Hsieh, Jiang. "Computed tomography: principles, design, artifacts, and recent advances." 
Bellingham, WA: SPIE, 2009. 
[87] Abrams, Herbert L., and Barbara J. McNeil. "Medical implications of computed 
156 
 
tomography (CAT scanning)." New England Journal of Medicine 298.5 (1978): 255-261.  
[88] Krestel, Erich. "Imaging Systems for Medical Diagnosis: Fundamentals and Technical 
Solutions-X-Ray Diagnostics-Computed Tomography-Nuclear Medical Diagnostics-Magnetic 
Resonance Imaging-Ultrasound Technology.", by Erich Krestel (Editor), pp. 627. ISBN 3-
8009-1564-2. Wiley-VCH, October 1990. (1990): 627.  
[89] Prince, Jerry L., and Jonathan M. Links. Medical imaging signals and systems. Upper 
Saddle River: Pearson Prentice Hall, 2006. 
[90] Kelly, Thomas F., and Michael K. Miller. "Atom probe tomography." Review of Scientific 
Instruments 78.3 (2007): 031101. Miller, Michael K. Atom probe tomography: analysis at the 
atomic level. Springer Science & Business Media, 2012. 
[91] Miller, Michael K. Atom probe tomography: analysis at the atomic level. Springer Science 
& Business Media, 2012. 
[92] Dyakowski, Tomasz, Laurent FC Jeanmeure, and Artur J. Jaworski. "Applications of 
electrical tomography for gas–solids and liquid–solids flows—a review." Powder technology 
112.3 (2000): 174-192.  
[93] York, Trevor A. "Status of electrical tomography in industrial applications." Process 
Imaging for Automatic Control. Vol. 4188. International Society for Optics and Photonics, 
2001. 
[94] Yang, W. Q., and S. Liu. "Electrical capacitance tomography with square sensor." 
Electronics Letters 35.4 (1999): 295-296. Marashdeh, Qussai, et al. "A multimodal tomography 
system based on ECT sensors." IEEE Sensors Journal 7.3 (2007): 426-433. 
[95] Marashdeh, Q., and F. L. Teixeira. "Sensitivity matrix calculation for fast 3-D electrical 
capacitance tomography (ECT) of flow systems." IEEE transactions on magnetics 40.2 (2004): 
1204-1207. 
[96] Kemna, Andreas, et al. "Imaging and characterisation of subsurface solute transport using 
electrical resistivity tomography (ERT) and equivalent transport models." Journal of 
Hydrology 267.3-4 (2002): 125-146. 
[97] Munk, Walter, Peter Worcester, and Carl Wunsch. Ocean acoustic tomography. Cambridge 
university press, 2009.  
[98] Gorbunov, Michael E., S. V. Sokolovky, and Lennart Bengtsson. "Space refractive 
tomography of the atmosphere: Modeling of direct and inverse problems." (1996). 
[99] Duliu, Octavian G. "Computer axial tomography in geosciences: an overview." Earth-
science reviews 48.4 (1999): 265-281. 
[100] Spiesberger, John L., and Kurt M. Fristrup. "Passive localization of calling animals and 
157 
 
sensing of their acoustic environment using acoustic tomography." The american 
naturalist 135, no. 1 (1990): 107-153. 
[101] Gervaise, Cedric, Simon Vallez, Cornel Ioana, Yann Stéphan, and Yvan Simard. [102] 
"Passive acoustic tomography: new concepts and applications using marine mammals: a 
review." Journal of the Marine Biological Association of the United Kingdom 87, no. 1 (2007): 
5-10.  
[103] Jesus, Sérgio M., Cristiano Soares, Emanuel Coelho, and Paola Picco. "An experimental 
demonstration of blind ocean acoustic tomography." The Journal of the Acoustical Society of 
America 119, no. 3 (2006): 1420-1431. 
[104] Jovanovic, Ivana, Luciano Sbaiz, and Martin Vetterli. "Acoustic tomography for 
estimating temperature and wind flow." In 13th International Symposium for the Advancement 
of Boundary Layer Remote Sensing, ISARS, no. LCAV-CONF-2006-019, pp. 69-71. 2006. 
[105] Fercher, Adolf F., et al. "Optical coherence tomography-principles and applications." 
Reports on progress in physics 66.2 (2003): 239. 
[106] Arridge, Simon R. "Optical tomography in medical imaging." Inverse problems 15.2 
(1999): R41. 
[107] Goodman, Lawrence R. "The Beatles, the Nobel Prize, and CT scanning of the chest." 
Thoracic surgery clinics 20.1 (2010): 1-7. 
[108] Munk, Walter H., and Peter F. Worcester. "Ocean acoustic tomography." Oceanography 1, 
no. 1 (1988): 8-10.  
[109] Howe, Bruce M., Peter F. Worcester, and Robert C. Spindel. "Ocean acoustic tomography: 
Mesoscale velocity." Journal of Geophysical Research: Oceans 92, no. C4 (1987): 3785-3805. 
[110] Taniguchi, Naokazu, Arata Kaneko, Yaochu Yuan, Noriaki Gohda, Hong Chen, 
Guanghong Liao, Chenghao Yang et al. "Long‐term acoustic tomography measurement of 
ocean currents at the northern part of the Luzon Strait." Geophysical Research Letters 37, no. 
7 (2010). 
[111] Syamsudin, Fadli, Minmo Chen, Arata Kaneko, Yudi Adityawarman, Hong Zheng, 
Hidemi Mutsuda, Aruni D. Hanifa et al. "Profiling measurement of internal tides in Bali Strait 
by reciprocal sound transmission." Acoustical Science and Technology 38, no. 5 (2017): 246-
253.  
[112] Huang, Chen-Fen, TsihC Yang, Jin-Yuan Liu, and Jeff Schindall. "Acoustic mapping of 
ocean currents using networked distributed sensors." The Journal of the Acoustical Society of 
America 134, no. 3 (2013): 2090-2105.  
[113] Zhu, Xiao-Hua, Ze-Nan Zhu, Yun-Long Ma, Xiaopeng Fan, and Yu Long. "Measuring 
158 
 
tidal and residual currents and volume transport through a wide strait by use of the coastal 
acoustic tomography system." In EGU General Assembly Conference Abstracts, vol. 17. 2015. 
[114] D'Antona, Gabriele, and Roberto Ottoboni. "Time of flight measuring system for lakes 
acoustic tomography." In Instrumentation and Measurement Technology Conference, 2002. 
IMTC/2002. Proceedings of the 19th IEEE, vol. 2, pp. 1671-1673. IEEE, 2002. 28  
[115] Zhang, Chuanzheng, Arata Kaneko, Xiao-Hua Zhu, Bruce M. Howe, and Noriaki Gohda. 
"Acoustic measurement of the net transport through the Seto Inland Sea." Acoustical Science 
and Technology 37, no. 1 (2016): 10-20. 
[116] Kawanisi, Kiyosi, Satoshi Watanabe, Arata Kaneko, and Toru Abe. "River acoustic 
tomography for continuous measurement of water discharge." In Proceedings of 3rd 
International Conference and Exhibition on Underwater Acoustic Measurements: 
Technologies and Results, vol. 2, pp. 613-620. Hellas Foundation for Research and Technology 
Nafplion, 2009.  
[117] Zhu, Xiao-Hua, Chuanzheng Zhang, Qingsong Wu, Arata Kaneko, Xiaopeng Fan, and 
Bo Li. "Measuring discharge in a river with tidal bores by use of the coastal acoustic 
tomography system." Estuarine, Coastal and Shelf Science104 (2012): 54-65. 
[118] Zheng, Hong, Haruhiko Yamaoka, Noriaki Gohda, Hideaki Noguchi, and Arata Kaneko. 
"Design of the acoustic tomography system for velocity measurement with an application to 
the coastal sea." Journal of the Acoustical Society of Japan (E) 19, no. 3 (1998): 199-210. 
[119] Iturbe, Ion, Philippe Roux, Barbara Nicolas, Jean Virieux, and Jérôme I. Mars. "Shallow-
water acoustic tomography performed from a double-beamforming algorithm: simulation 
results." IEEE Journal of Oceanic Engineering 34, no. 2 (2009): 140-149. 
[120] Aulanier, Florian, Barbara Nicolas, Jérôme I. Mars, Philippe Roux, and Romain Brossier. 
"Shallow-water acoustic tomography from angle measurements instead of travel-time 
measurements." The Journal of the Acoustical Society of America 134, no. 4 (2013): EL373-
EL379.  
[121] Aulanier, Florian, Barbara Nicolas, Philippe Roux, and Jerome Mars. "Direction-of-
arrival, direction-of-departure and travel-time sensivity kernels obtained through double 
beamforming in shallow water." In 4th international conference and exhibition on Underwater 
Acoustic Measurements: Technologies and Results (UAM 2011), pp. 453-460. 2011. 
[122] Marage, Jean-Paul, and Yvon Mori. Sonars and Underwater Acoustics. John Wiley & 
Sons, 2013. Hodges, Richard P. Underwater acoustics: Analysis, design and performance of 
sonar. John Wiley & Sons, 2011. 
[123] Nolet, Guust. "Seismic wave propagation and seismic tomography." In Seismic 
159 
 
tomography, pp. 1-23. Springer, Dordrecht, 1987.  
[124] Iyer, H. M., and Kazuro Hirahara, eds. Seismic tomography: Theory and practice. 
Springer Science & Business Media, 1993.  
[125] Tape, Carl, Qinya Liu, Alessia Maggi, and Jeroen Tromp. "Seismic tomography of the 
southern California crust based on spectral-element and adjoint methods." Geophysical 
Journal International 180, no. 1 (2010): 433-462. 
[126] Vecherin, Sergey N., Vladimir E. Ostashev, and Keith D. Wilson. "Three-dimensional 
acoustic travel-time tomography of the atmosphere." Acta Acustica united with Acustica 94, no. 
3 (2008): 349-358.  
[127] Finn, Anthony, Kevin Rogers, Joshua Meade, and Stephen Franklin. "Acoustic 
atmospheric tomography using multiple unmanned aerial vehicles." In Remote Sensing of 
Clouds and the Atmosphere XIX; and Optics in Atmospheric Propagation and Adaptive Systems 
XVII, vol. 9242, p. 92420Q. International Society for Optics and Photonics, 2014.  
[128] Ostashev, V. E., S. N. Vecherin, D. K. Wilson, A. Ziemann, and G. H. Goedecke. "Recent 
progress in acoustic tomography of the atmosphere." In IOP Conference Series: Earth and 
Environmental Science, vol. 1, no. 1, p. 012008. IOP Publishing, 2008.  
[129] Ostashev, Vladimir E., Sergey N. Vecherin, Keith D. Wilson, Astrid Ziemann, and George 
H. Goedecke. "Recent progr Computational ocean acoustics ess in acoustic travel-time 
tomography of the atmospheric surface layer." Meteorologische Zeitschrift 18, no. 2 (2009): 
125-133. 
[130] Mackenzie, Kenneth V. "Nine‐term equation for sound speed in the oceans." The Journal 
of the Acoustical Society of America 70, no. 3 (1981): 807-812. 
[131] Richardson, A. M., and L. W. Nolte. "A posteriori probability source localization in an 
uncertain sound speed, deep ocean environment." The Journal of the Acoustical Society of 
America 89.5 (1991): 2280-2284. 
[132] ‘Temperature of Ocean Water’, UCAR. 
https://www.windows2universe.org/earth/Water/temp.html 
[133] Jensen, Finn B., William A. Kuperman, Michael B. Porter, and Henrik 
Schmidt. Computational ocean acoustics. Springer Science & Business Media, 2000. 
[134] Etter, Paul C. Underwater acoustic modeling and simulation. CRC Press, 2018. 
[135] Rodrıguez, Orlando C. "The TRACEO ray tracing program." Universidade do Algarve-
Signal Processing Laboratory(2010). 
[136] Godin, Oleg A., Michael G. Brown, Nikolay A. Zabotin, Liudmila Y. Zabotina, and Neil 
J. Williams. "Passive acoustic measurement of flow velocity in the Straits of 
160 
 
Florida." Geoscience Letters 1, no. 1 (2014): 16. 
[137] Porter, Michael B., and Homer P. Bucker. "Gaussian beam tracing for computing ocean 
acoustic fields." The Journal of the Acoustical Society of America 82, no. 4 (1987): 1349-1359. 
[138] Munk, Walter, and Carl Wunsch. "Ocean acoustic tomography: Rays and 
modes." Reviews of Geophysics 21, no. 4 (1983): 777-793. 
[139] Park, Jae-Hun, and Arata Kaneko. "Computer simulation of coastal acoustic tomography 
by a two-dimensional vortex model." Journal of oceanography 57, no. 5 (2001): 593-602.  
[140] Park, J. H. "Study on the analyses of the Coastal Acoustic Tomography Data." Disertasi 
Doktor, Graduate School Engineering, Hiroshima University, Jepang (2001). 
[141] Mansour, Ali. "Challenges and methodologies in Passive Ocean Acoustic Tomography: 
An approach based on ICA." In Digital Ecosystems and Technologies (DEST), 2010 4th IEEE 
International Conference on, pp. 557-562. IEEE, 2010.  
[142] Marinis, E. de, O. Gasparini, P. Picco, S. M. Jesus, A. Crise, and S. Salon. "Passive ocean 
acoustic tomography: theory and experiment." ECUA 2002 (2002): 497-502. Leroy, Charlotte. 
"Using ocean ambient noise cross-correlations for passive acoustic tomography." PhD diss., 
Georgia Institute of Technology, 2011. 
[143] Tyack, P. L. "Acoustic communication under the sea." In Animal acoustic communication, 
pp. 163-220. Springer, Berlin, Heidelberg, 1998. 
[144] Adityawarman, Yudi, Arata Kaneko, Naokazu Taniguchi, Hidemi Mutsuda, Katsuaki 
Komai, Xinyu Guo, and Noriaki Gohda. "Tidal current measurement in the Kurushima Strait 
by the reciprocal sound transmission method." Acoustical Science and Technology 33, no. 1 
(2012): 45-51. 
[145] Worcester, Peter F., Bruce D. Cornuelle, and Robert C. Spindel. "A review of ocean 
acoustic tomography: 1987–1990." Reviews of Geophysics 29, no. S2 (1991): 557-570.  
[146] ATOC Consortium. "Ocean climate change: Comparison of acoustic tomography, 
satellite altimetry, and modeling." Science 281, no. 5381 (1998): 1327-1332.  
[147] Dushaw, Brian D., and John A. Colosi. Ray tracing for ocean acoustic tomography. No. 
APL-UW-TM-3-98. WASHINGTON UNIV SEATTLE APPLIED PHYSICS LAB, 1998. 
[148] Spindel, R. C., and P. F. Worcester. "Ocean acoustic tomography: a decade of 
development." Sea Technology 32 (1991): 47-52. 
[149] Munk, Walter. "Ocean acoustic tomography." In Physical Oceanography, pp. 119-138. 
Springer, New York, NY, 2006. 
[150] Syamsudin, Fadli, Minmo Chen, Arata Kaneko, John C. Wells, and Xiao-Hua Zhu. 
"Profiling measurement of internal tide in the Bali Strait by reciprocal sound 
161 
 
transmission." The Journal of the Acoustical Society of America 141, no. 5 (2017): 3488-3489. 
[151] Kaneko, Arata, Fadli Syamsudin, Yudi Adityawarman, Hong Zheng, Chen-Fen Huang, 
Naokazu Taniguchi, Xiaohua Zhu, Ju Lin, and Noriaki Gohda. "Recent progress in coastal 
acoustic tomography." The Journal of the Acoustical Society of America 140, no. 4 (2016): 
3135-3136. 
[152] Gordon, A. L., Janet Sprintall, H. M. Van Aken, D. Susanto, S. Wijffels, Robert Molcard, 
A. Ffield, W. Pranowo, and S. Wirasantosa. "The Indonesian throughflow during 2004–2006 
as observed by the INSTANT program." Dynamics of Atmospheres and Oceans 50, no. 2 
(2010): 115-128. 
[153]  ‘PHYSICAL OCEANOGRAPH’, UCAR. http://www.ctroms.ucar.edu/the-coral-
triangle.htm 
[154]‘Tide predictions for any location in the world’, WorldTide.  
https://www.worldtides.info/home 
[155] Rodrıguez, Orlando Camargo. "The TRACE & TRACEO ray tracing programs." SiPLAB 
Web page: www. siplab. fct. ualg. pt/models. shtml (2008).  
[156] Rodrguez, O. "General description of the TRACE & TRACEO ray tracing programs. 
Signal Processing Laboratory (SiPLAB) at the Center of Technological Research (CINTAL)." 
(2012). 
[157] Spindel, Robert C., Jungyul Na, Peter H. Dahl, Suntaek Oh, Christopher Eggen, Young 
Gyu Kim, Victor A. Akulichev, and Yuri N. Morgunov. "Acoustic tomography for monitoring 
the Sea of Japan: A pilot experiment." IEEE journal of oceanic engineering 28, no. 2 (2003): 
297-302.  
[158] Goncharov, Valerii V., and Alexander G. Voronovich. "An experiment on matched‐field 
acoustic tomography with continuous wave signals in the Norway Sea." The Journal of the 
Acoustical Society of America 93, no. 4 (1993): 1873-1881.  
[159] Fan, Wei, Ying Chen, Huachen Pan, Ying Ye, Yong Cai, and Zhujun Zhang. 
"Experimental study on underwater acoustic imaging of 2-D temperature distribution around 
hot springs on floor of Lake Qiezishan, China." Experimental thermal and fluid science 34, no. 
8 (2010): 1334-1345.  
[160] Luchinin, A. G., and A. I. Khil’ko. "Low-frequency acoustic tomography of a shallow 
sea by low-mode pulses." Acoustical Physics 51, no. 2 (2005): 182-194.  
[161] Ko, D. S., H. A. DeFerrari, and P. Malanotte‐Rizzoli. "Acoustic tomography in the 
Florida Strait: Temperature, current, and vorticity measurements." Journal of Geophysical 
162 
 
Research: Oceans 94, no. C5 (1989): 6197-6211.  
[162] Jin, Guoliang, J. F. Lynch, R. Pawlowicz, and P. Wadhams. "Effects of sea ice cover on 
acoustic ray travel times, with applications to the Greenland Sea Tomography 
Experiment." The Journal of the Acoustical Society of America 94, no. 2 (1993): 1044-1057.  
[163] Zhu, Xiao-Hua, Arata Kaneko, Qingsong Wu, Chunzheng Zhang, Naokazu Taniguchi, 
and Noriaki Gohda. "Mapping tidal current structures in Zhitouyang Bay, China, using coastal 
acoustic tomography." IEEE Journal of Oceanic Engineering38, no. 2 (2013): 285-296.  
[164] IEEE, 2002. Miller, James H., James F. Lynch, and Ching‐Sang Chiu. "Estimation of sea 
surface spectra using acoustic tomography." The Journal of the Acoustical Society of 
America86, no. 1 (1989): 326-345.  
[165] Wiens, Travis. "Sensing of turbulent flows using real-time acoustic tomography." In 19th 
Biennial Conf. of the New Zealand Acoustical Society. 2008.  
[166] Wiens, Travis, and Paul Behrens. "Turbulent flow sensing using acoustic tomography." 
In INTER-NOISE and NOISE-CON Congress and Conference Proceedings, vol. 2009, no. 7, 
pp. 336-344. Institute of Noise Control Engineering, 2009.  
[167] Gaillard, Fabienne. "Ocean acoustic tomography with moving sources or 
receivers." Journal of Geophysical Research: Oceans 90, no. C6 (1985): 11891-11898.  
[168] Cornuelle, B., W. Munk, and P. Worcester. "Ocean acoustic tomography from 
ships." Journal of Geophysical Research: Oceans 94, no. C5 (1989): 6232-6250. 
[169] Mikhin, Dmitry Yu, Sergey V. Burenkov, Yury A. Chepurin, Valerii V. Goncharov, 
Vladimir M. Kurtepov, Viktor G. Selivanov, and Oleg A. Godin. "Acoustic tomography in the 
Western Mediterranean from a moving ship." The Journal of the Acoustical Society of 
America 98, no. 5 (1995): 2914-2914. 
